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[Annotation]

[Pext] The book examines the procedure and results

of an experimental study of patterns of seismic wave
propagation in the inhomogeneous earth. Principles
are worked out for resolving the observed wave field
into a regular (background) component and fluciuations
(deviations from the background); new morphological
wave field characteristics are introduced as well as
methods of quantitative evaluation of these charac-
teristics. In a number of regions of the Soviet Union
and throughout the earth with appreciably different
geological structure, a study is done on the mutual
relation between fluctuations of the characteristics
of longitudinal waves and the inhomogeneity of the
earth's mantle. A detailed analysis is given of the
particulars of propagation of Pn, Pg, P, Sn, S, Lg

and Rg waves over an extensive territory of Central
Asia. The interior structure of the crust and upper
mantle of Pamir-Baykal are studied in detail in accor-
dance with data on the seismologic profile of this
region. Crust-mantle blocks with different velocity
characteristics are distinguished, a quality cross
section is obtained for the medium down to the mantle-
core boundary, and regional calibration curves are
plotted for an extensive class of waves. New experi-
mental data are given on the mutual relation between
the amplitude characteristics of seismic waves and
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gravitational and magnetic anomalies observed within

the territorial limits of the USSR, as well as the !
position of selsmic stations relative to tectonic !
structures. Recommendations are made on choosing

points for setting up high-sensitivity seismic stations.

Introduction

The present concept of the internal structure of the earth is based on
fundamental results provided by experimental seismology. In the last

decade experimental selsmology has made appreciable progress in studying

the interior of the earth. At the present time there are several thousand
seismic stations and several dozen grouping stations in operation throughout
the earth. Hundreds of thousands of earthquakes are recorded every year.
llowever, despite the enormous volume of material accumulated, the structure
of individual regions of the earth is known only roughly. Remaining unknown
until recently have been what would seem to be primary facts about the
structure of the earth -such as the renge of natural regional and local f
variations in seismic wave velocities and depths of interfaces and the nature
of these variations for the principal shells of the earth and geological
structures. This book is devoted to a study of these questioms.

- ————

Formulation of the problem of study requires solution of two major problems:
selection of a model of the medium whose parameters are to be determined,
and selection of the informative characteristics of the wave field. These
problems are closely interrelated and ways to solve them are informal; they ,
depend on many additional circumstances: the available preliminary infor- !
mation on the object of study, quality and quantity of experimental data,

the possibility of processing them, and finally, the specific problem of

study.

Model of the Medium. As the volume of experimental dats incresses and
methods of processing them improve, the ideas about the earth change and the
models of its structure become more complicated.

The development of ideas about the structure of the earth progresses from a
uniform spherically symmetric model to a complex three-dimensional model
that contains horizontal inhomogeneities of different sizes.

The development of recording technology and the creation of dense netwercks of
seismic stations have improved precision in determining the coordinsces of a
focus and the magnitude [of a disturbance], and have enabled establishment of
the considerable influence of horizontal inhomogeneities of different scales
(from thousands of kilometres to tens ot metres) on the formation of a wave
pattern. This in turn has raised the problem of studying inhomogeneities.

At the present time, intense dévelopment is taking place in methods of study-
ing the horizontally inhomogeneous earth, and even though they are in the

developmental stage and still have not been formulated as a definite system,
they can be classified and described to put a model of the medium together.

2
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19, llomogencoun spherieally oymmetrie model of the earth. Vor many decaden
thlg was Lhe only mode!l. During its formulation 1t was established that
the earth is layered in shells, and the muin characteristics of the layers
were found: velocities of longitudinal and transverse waves, mechanical
quality of the medium. These results were based on enormous experimental
material of quality sufficlent to show the deviations of the model from
spherical symmetry. However, the efforts of researchers were concentrated
on perfecting this "ideal" model, on finding unified global patterns. In
. recent years, the concept of a horizontally homogeneous mantle was formulated
= with a comparatively homogeneous crust of varisble thickness. Such a model
Justified extensive use of surface waves in research, the interpretation
being done on the assumption of spherical symmetry or horizontal stratifi-
cation of the medium. The success of experimental and theoretical research
associated with this mecdel, support on the part of other geophysical methods,
and the authority of leading scientists have dictated a certain conformity
In ideas about the structure of the earth and unmerited vitality of the
spherically symmetric model right up to the last decade.

2°, Locally homogeneous model. According to this model, individual large
structures -- continents, oceans, mountain chains, platforms -- are hori-
zontally homogeneous regions distinguished by the nature of change in seismic
parasmeters with depth. Developed methods can be applied to investigation of
such regions; however, the preparation of experimental material requires a
certain sampling of data.

- In the course of detailed studies carried out in regional seismological
observations and depth probes of the earth a pronounced horizontal mosaic
structure has been detected in the crust and upper mantle. This has led to
the development of a laminar-block model in which the medium is divided into
comparatively small horizontally layered blocks. At present this model is
widely used in seismology and in deep seismic sounding.

3°. Spherically symmetric model containing large horizontal inhomogeneities.
It is assumed that the velocity contrast of these inhomogeneities is low, and
therefore seismic rays lie in the vertical plane.

Profile observations yield data that enable redefinition of the coordinates
and depths of earthquake foci and parameters relative to the profile. This
method wns developed at the computing center of the Siberian Department of
the Soviet Academy of Sciences (Alekseyev et al., 1969).

W, Inhomogeneous block model. This is a three-dimensional model made up
of several layers broken up into comparatively small blocks. To solve the
inverse kinematic problem with respect to travel times of the P-wave, it is
assumed that the anomalies of velocities of seismic waves in the blocks are
small, and there.ore rays travel through the medium without refraction.

The initial information is provided by data on the travel times of waves
from remote sources lying in different azimuths to stations of an area group.
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Bolution of the problem reduces to finding anomalies of velocity in the
individual blocks that best correspond to the observed anomalies in travel
time. To determine the velocity in some volume of the medium beneath a
group of stations the seismic rays must penetrate elementary volumes re-

_ peatedly and in different directions. Such an approach to solution of the
problem was proposed independently by A. S. Alekseyev and K. Aki (Alekseyev
et al., 1971; Aki, 1973).

This method has been used in practice for determining the velocity profile
of the earth's crust and the upper mantle in a number of territories --
Kamchatke, Californie and elsewhere -- and has given rather good results.

The comparatively thin network of stations and the incomplete range of
azimuths of arrival of seismic waves 1limit the possibilities of determining
the structure of the medium beneath the stations. This requires a quali-
tatively different statistical approach to investigation of the medium.

5°. HRandom inhomogeneities, seismically hazy media. This is a complicated
model comprised of a deterministic background constructed according to one

of the schemes 1°-4° given above, and a random field of fluctuations in
velocities and absorbing properties that approximates the difference of the
actual medium from the deterministic model. Usually it is assumed thaet this
field is locally homogeneous, isotropic, smooth and low in contrast. As a
result of interpretation such characteristics of the medium are determined

as the predominant size of inhomogeneities, their contrast and the coefficient
of turbidity (Nikolayev, 1973).

Initial Stage of Investigation of the Three-Dimensional Model of the Earth.
Statistical models take on especially important significance on the initial
stage of investigation of the horizontally inhomogeneous earth. This is due
to a lack of data that might be used to construct a deterministic model. At
the same time, even & comparatively incomplete system of data (thin network
of stations, small number of earthquakes) is sufficient to establish some
general characteristics of inhomogeneities. These characteristics are of
independent geological interest, and can be used besides in planning future
studies.

Basic Problems. Our study deals with three problems: 1°. To establish the
natural range of variations in velocities of propagation of seismic waves

- and absorbing properties, their characteristic scale and coarse stratifi-
cation. 2°. To determine the main characteristic features of the wave
field associated with horizontal inhomogeneities, to eveluate local and

_ regional variability of characteristics of body and surface waves. 3°. To
work out the elements of a simple and constructive research technique that
corresponds to conditions 1° and 2°; this requires first of all the intro-
duction of new morphological characteristics of the wave field that are based
on stntistical estimates.

Research Technique. The study is based on resolving the observed seismic
fields into two main components: the background and the deviation from the
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background -- fluctuations. Depending on scale, the background component
characterizes the average value over a larger or smaller territory,

Such an approach requires introducing a certain hierarchy of scales. We have
introduced five scales: global, continental, regional, local and detailed.
Corresponding to the global scale are patterns found by averaging data over
the entire earth, to the continental scale -- over parts of the earth of the
continent-ocean type, to the regional scale -- over areas with a transverse
size from 3000 to 6000 km, to the local scale -- from 200 to 2000 km, and

to the detailed scale -- less than 200 km.

The spherically symmetric model of the earth corresponds to the global scale.
The general patterns of change in the characteristics of the major types of
waves have been well studied, and therefore existing data (hodographs, cali-
bration and amplitude curves) are taken as the background characteristiecs.

The level of detail of the research depends on the detail of the system of
observations. Low detail, scant experimental material eneble investigation
of only deviations from the global background, including the influence of
regional, local and district conditions; the most detailed studies that use
data of observations of dense networks of seismic stations enable investi-
gation of the fine spatial structure of fluctuations distinguished relative
to the local background.

Initial Experimental Data. This work is based on experimental material
obtained by the Comprehensive Seismological Expedition of the Institute of
Physics of the Earth in various years in the course of carrying out a variety
of seismological research aimed chiefly at solving problems of seismic zoning,
earthquake prediction and investigation of the degree of seismic danger of
hydroelectric plants being planned and under construction in the Northern
Tyan'-Shan', in Kirgizia, in the Naryn River basin, in Garmskiy Rayon of the
- Tadzhik SSR, in the Central Sayan Mountains and in the territory of the
Zeya River. The system of observations in each region was a network of
stations usually numbering up to 10-12 separated by distances of from “cus
to hundreds of kilometres.

For the purpose of getting more general material on the nature of regional
inhomogenecities of the earth, short-term observations were organized by
groups of stations in regions with low earthquake danger: the Ukraine,
North Kazskhstan. To supplement the detailed systems of observations
described above and the system of observations in the European part of the
USSR and the central territories of the nation, in many instances data were
included from the Unified Network of Seismic Observations [YeSSN service].

. Seismographic material used in the work is provided by observational data
from more than 100 stations.

The observations were made with stsndard seismic channels SK, SKM-3M, SM-2
and ChlSS (Zapol'skiy, 1971) with photographic or visual registration.

A description of the corresponding equipment can be found in the book
"Apparctura i metodika seysmometricheskikh nablyudeniy v SSSR" [Equipment
and Methods of Seismometric Observations in the USSR} (197L).

5
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More than 6000 nelsmogram: of earthquakes covering the entire range of

epleenteanl distancen nnd loented at the mont diverse azimuths reluntive to
the recording stationn were used Lo different extonts -~ from inolated
mercharementa ol Lheonmpl Eoide nnd Lime oft nerival ot o Pewnve Lo apectra
nnnlysls. More detndied tnformntion on Initinl dnta s contalned tn the

corresponding sections of the book. Mensurements of the dynamic character-
tatics of waves -- amplitudes, periods -- were done in strict conformity
with the scheme deseribed in the book (Antonova et al., 1968).

A. P Andreychenko, L. M. Viasova, P. S. Glazkov, A. M. Sokolova and S. G.
Starchenko took part in the production of this monograph.

The book uses seismographic materinl obtained by the Comprehensive Seismo-
logienl Expedition of' the Instltute of Physics of the Earth in different
terrvitories of the USSR, ‘'The considerable work of the members of the ex-
pedition is incorporated in the organization and successful completion of
finld observations and also In the processing of experimental materials.
The nuthors express their gratitude to all of them, and especianlly to
detnchment lenders G. [, Aksenovich, Yu. P. Kolobashkin, V. N. Krivosheyev,

K. K. Kuznetsov, V. . Pavlov, G. G. Sturchenko, G. G. Tarasov and V. I.
vheloputov.

. EXPERIMENTAL STUDY OF PATTERNS OF PROPAGATION OF SEISMIC WAVES IN THE
INHOMOGENEOUS EARTH

Chapter 1. Seismic Waves in the Inhomogeneous Earth

The rirst experimental evidence of stratification in the deep interior of
the earth according to seismological data was found in the early twentieth
century. Hodographs of fundamental modes of elastic oscillations -- longi-
tudinal and transverse -- were the foundation on which a model of a radially
inhomogeneous and spherically symmetric earth was constructed over the next
25-30 years.

The development of radial inhomogeneity on a planetary scale was shown by
such typical features of hodographs as splitting of refracted and reflected
waves into branches, sharp bends and breaks. The most pronounced of these
features were confined to the interfaces of shells of the earth: crust end
mantle, mantle and core.

As a result of careful analysis of the hodographs of fundamental waves, other
divisions were distinpuished in the earth's cross section, and numerous
nveraged models of its structure were found. Typically, all these models
@ore in "rood" agreement with the data of observations. In the final analysis
this caused uncertainty in choosing a suitable standard cross section of the
carth.

This ambiguity was the impetus for numerous refinements in the model of the
earth. This process led to the conclusion that the structure of the shells

6
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deviates on various scales from spherical symmetry, and to the necessity of
expanding the cluss of models of the earth that account for radial and
horizontnl inhomogenelty of the structure of its shells. The problem of
standardization nssumed the aspeet of refinement of general patterns in the
gtructure of the shells based on specific stipulation of deviations from
spherical symmetry in different regions.

The leading area of experimentnl seilsmology is becoming the study of com-
paratively fine detaulls of the structure of the earth's interior, especially
those purts characterized by different types of geologlcetl-tectonic evolution.

Obviously the selection and refinement of a model of the earth under specific
conditions should be oriented toward some characteristiec scale of inhomoge-
neity of structure matched to the detail of studies and the accuracy of data.
In this connection it is of considerable interest to establish the co-
dependence of scales of inhomogeneities of the structure of the earth's
interior and their manifestation In the seismia characteristies of the medium,
as well as the correlation of scales of seismic inhomogencities and the
characteristic elements of schemes of geological-tectonic zoning.

In particular, according to materials of geological-tectonic zoning of the
folded complexes of Central Asia it has been established that the most
frequently encountered structures are elongated with predominant longitudinal
dimensions of about 500-600 km, and transverse dimensions of about 100-150 km
(Belyayevskiy, 1974).

According to materials of deep seismic sounding in various regions of Siberia,
typicenl values of the horizontal extent of surfaces of the crystalline base-
ment, and the Mohorovidic discontinuity are 100-200 km, predominant dimensions
of undulation of the Mohoroviéic discontinuity are 5-8 km, and for the crys-
talline basement -~ 3-5 km. Variations of the boundary velocity on the
surface of the basement may reach values of 1.0-1.2 km/s (with a predominant
value of about 0.3 km/s), and the horizontal extent of such anomalies is up
to 40 km (Puzyrev et al., 1979).

Available experimental data on travel times and amplitudes of body waves

and on the phase velocities of surface waves enable us to differentiate the
inhomogeneities of the internal structure of the earth in the first approxi-
mation into five characteristic scales: global, continental, regional,
local and detailed, which were discussed above.

Radial spherically symmetric inhomogeneity corresponds to the global scale.

This model satisfactorily explains the major experimental patterns observed
over the entire earth.

1. Relation between radial inhomogeneity of the earth and travel times
and amplitudes of seismic waves

In n homopgeneous and infinite elastic medium n wave field has comparatively
simple properties. Seismic recordings in this case would be represented by

7
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Just two wavent longitadinnl 1 oand Lenhoverse S, tnopartleular, for n

- homogeneous sphere we enn construel hodographs off P oand § waves, but they
will differ appreciably from the hodographs observed in the actual earth.
The mndn difference is that the travel times of P and 8 waven increase with
epteenteal dlstance much faster inoa homopeneous sphere than in the actual
carthe Thin implles in particular thut in the renl earth veloelty in general

increases with depth,

[t is also known that on the whole the hodographs of P and 8 waves are

rather well approximated by smooth functions such as a parabola (Hales et nl.,
1968). 'me greatest deviations from smooth functions are observed at epi-
centrnl distances below 30°, and from 105 to 142°, 1n general, as data are
nnalyzed more intently and in greater detall, more justifications show up

for differentiating them into separate parts.

Analysis of the derivative of & hodograph dt/dA of a longitudinal wave with
respect to data of dircet measurements on groups of seismic stations for

thr distance range of 30-100° shows that characteristic dips can be observed
in the behavior of this functlion most frequently close to distances that are
equnl to approximately 35-36, 48-49, 60, 68-70 84-85 and 95° (Corbishley,
1970). This is an indication of a possible anomalous change in the velocity
gradient close to depths equal to approximately 850-900, 1200, 1550, 1800-1900,
2500 and 2800 km. Analysis of data on d?t/dA? also 1ndicatesthe presence of
singularities within the limits of the mentioned depths. Fig. 1 summarizes

dL/db, s/deg

sl A e ———
wh rm— -
72+
nt
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—2
wp ===
(2 1 1
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Fig. 1. Direct measurements of hodograph derivative dt/dA from non-Soviet
data (the epicentral distance A is plotted in degrees along the axis of
abscissas)

l--Isolated measurements
2--E. Herrin's standard curve (1968)
$--bntn of K. Kafila and D. Sarkar (1975)
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dntn Lrom divech mensurcments of the derivative db/dA on A number of groups

of nelumle vtations (Chinnery, W6Y, Chinnery, Tokndz, 1967; Corbishley, 1970;
Johnson, 1967, 1969; Kannmory, 1972b4 Ninal, Anderson, 1965; Simpson et al.,
19714) . Shown here for eomparinon is E. Herrin's stendurd dt/dd profile
(Herrin, 1968) nnd nn approximation of L. Johnson'n datn (1967) made by

Ko Kndbnound by Savkae (1975),

¢-a/umie_km/n
»l

Fig. 2. Model of the structure of the
crust and upper mantle according to

P waves in the territory of the
Warramunga group in Australia from
research data of D. Simpson et al.
(1974). a--reduced hodograph: be-
velocity profile (solid line) and
projection of the derivative of the
hodograph dt/dA (H) (dotted line)
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Fig. 3. Distance dependences of the A
ratio (A/T)pax (8) and the period of il
recording of the wave (b): 1--curves !
from stations of the Northern Tyan'-
Shan' (Antonova et al., 1968); 2--
azimuthal curve for roughly confoeal
earthquakes according to data of

M. Sengupta and B. Julian (1976);
3--theoretical curves of |d%t/aa?|
from the work of K. Kaila and

D. Surkar (1975)

PUNES S S VT YT YO Y an

—_—

——

N IR P
So0 1099 4,0

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFICIAL USE ONLY

However, the most pronounced changes in travel time are observed at distances
of less than 30°, For instance let us consider the data of the Warramunga
group Ln Australin (Simpson et al., 197h) shown in Fig. 2. ‘The SMAKI :1odel
includes o crust 35 km thick with a Jump in veloeity of longitudinal waves
on the Mohoroviél® discontinuity from 6.5 to 8 km/a. At depths of from 150
to BOO/km u low veloelty gradient zone is observed with change from 8.3 to
8.5 km/o.

Guch a fine differentiation of the upper mantle is reflected in the structure
of the hodopgraph and the derivative dt/dA.

The radial inhomogeneity of the earth shows up in other parameters of seismie
waves as well. A previous monograph (Antonova et al., 1968) gives extensive
composite data on variation in the way that the predominant period of the
recordings of longitudinal and transverse waves depends on the eplecentral
distance, and also on the same dependence for the maximum A/T ratio of these
waves,

I'tg. 3 shows distance dependences of the ratio (A/T);,, and apparent period
for P waves as found from data of SK channel registration on a group of
stations in Northern Tyan'-Shan' and on the Talgar station respectively.

Let us examine these data in more detail. The behavior of the apparent

period of a P wave with distance is determined by the characteristic stepped
form of the curve. The lower level of the step is observed at a distance of
from 200 to 700 km and is equal to approximately 1.5 s, while the upper level,
equal to approximately 44,5 s, stretches from about 2,000 to 10,000 km,

a relatively smooth transition being noted between these levels.

Purticular attention should be given to the presence of relative maxima on
the curve, that are confined to distances of approximately 2,500, 6,000 and
beyond 10,000 km.

The curves for the ratio (A/'I‘)m x 88 a function of distance that are shown
in Fig. 3a have rather 1nterest?ng properties. If we compare the intervals
of distunces where characteristic Jumps in the function dt/dA are observed
(see Fig. 1) with the position of the sharp minima on the graph of (A/T)p. .
for a longitudinal wave, we can see that they coincide. We can convince
ourselves that this agreement is not accidental by comparing our data with
those found by M. Sengupta and B. Julian (1976) for roughly confocal earth-
quakes (see Fig. 3a).

Resides, the relation between amplitude and profile parameters can be analyzed
if we consider the following expression (Volkov and Yanovskaya, 197h):

A (v, 8) = A (p) exp (—wls (), ()

whoere Ag is 4 constant that determines the intensity of the P wave in the
vieinity of the source, .
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Qo) = R4 [ptph~ ph- (waara 28} ]
R
o) m § i@ (1Y) - ph)-rdr,

'm
[}

8P = 2o § 11V = phyudr,

m
a Po e R’V(R)l P ’QIV (fn).
lere rp is the radius of penetration of a selsmie ray; pyp is the parameter of
this ray; Opp 18 the eplcentral distance at which this ray penetrates to Y

V(rm) is the veloelity corresponding to the radius rmi R is the radius of the
earthy Q is mechanical quality.

The expression (*) describes the behavior of the amplitude curve Alw,A) as
a function of the geometric divergence of the wave front G(p) that in turn
is determined by the velocity profile V(r) and also as a function of the
parameters of the inelastic profile q(r).

1r for the time being we disregard the influence of the profile Q(r) and

the loss of wave energy at interfaces, the main contribution to the behavior
of the amplitude curve A(w,A) comes from the term G(p). 1In this case expres-
aion (*) can be conveniently represented as

A (8) ~ K ((sin &)} (dI/dA) (4 1/dAY)IS,

hence it is apparent that the behavior of the nmglitude curve is determined
by the second derivative of the hodograph d2t/da2, and consequently the
curve should be more sensitive to peculiarities of the velocity profile.

At the same time, there are grounds for assuming that the change in the
quality factor with depth may also have a considerable effect on the ampli-
tude curve.

To illustrate this assumption let us use the calculations of K. Kaila and

D. Sarkar (1975). In their work, the authors used data of L. Johnson (1967,
1969) on dt/dA and calculated the second derivative d2t/dA2 for comparison
with the known amplitude curves of B. Gutenberg and C. Richter (1956) and

0. Nutt1li (1972).

These data are reproduced in Fig. 3a together with the amplitude curve of a
P wave found on a group of stations of Northern Tyan'-Shan', and the ampli-
tude ‘curve of M., Sengupta nnd B. Julian (1976) for stations in the United
Utates. A comparison of the results convinces us that the behavior of the
amplitude curves can be attributed only in part to the influence of the
function d?t/da2.

Noteworthy in this connection is the work of K. Veith and G. Clawson (1972)
in which the authors used data of numerous amplitude measurements to study
the influence of the inelastic profile Q(r). They calculated and eliminated

from the observed data the effect of geometric divergence G(p). As a result
it is shown that the inelastic profile does indeed have an appreciable

11
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tufluence of the behavior of the amplitude curve, the preatest effect of Q(»)
being oboerved ut epicentrnl distances of lewss than 30°,

in poneral outline, the randial Inhomogeneity of the earth has now been rather
well studled.  The physicochemical evolution of the earth has led to the
formation of shells with appreeiably di fferent properties. The most pro=
nounced changes in the seismle properties of the medium are confined to
depths of 10-70, 150-270, 350-450 and 620-870 km (Press, 1975), 2885-2889

and 5141-5156 km (Adums, Engdahl, 19743 Dziewonski, Haddon, 1974).

The depths of 10-70 km are associated with the earth's crust, which is
thinnest under the oceans.The interval of depths of 150-270 km is generally
assoelnted with the asthenospheric zone, whose distinguishing features are
low values of the velocity of transverse waves and mechanical quality. 'The
depths trom 350 to 870 km are ussociated with a transition zone in which a
relatively high increase in velocity and quality is observed. MThe region
from 870 to 2885 km belongs to the lower mantle for which lower gradients of
velocity, density and quallr s factor are characteristic on the average. The
depth runge of 2885-2889 km is associated with the boundary passing between
the lower mantle and the outer core. The boundary between the outer aud
inner core is situated at depths from 5141 to 5156 km.

At the present time the internal shells of the earth have been comparatively
little investigated. 'Therefore it is of considerable interest to study the
truvel times and amplitudes of waves that have traversed the outer and inner
cores, particularly waves of the PKP type. In this section an examination is
made of the travel times of PKP waves; the amplitudes of these waves are
considered in the next section.

The investigation of the characteristics of PKP waves is of fundamental
importance for studying the structure of the earth. From these waves we can
also determine the characteristies of foci, which usually are determined from
P waves (moment of onset, coordinates, depth, magnitude, parameters of the
mechanism). At the same time, an improvement in the effectiveness of using
PKP waves requires accounting for the peculiarities of their spatial struc-
ture, which show up primarily in characteristic distortions of amplitudes

and travel times that are inherent in individual seismic stations and epi-
central regions.

On the territory of the USSR PKP waves are recorded from earthquakes in
vonth America, the region of underwater mountain chains to the south of
Africa and in the southern part of the Pacific Ocean. 1In the investigation
of kinematic characteristics, about 700 recordings were used. To get more
relinble data, only the strong earthquakes in South America were selected.
All recording stations are equipped with short-period instruments with
standard frequency responses and magnification from 40,000 to 250,000.
Burthquake information -- time of onset, focus depth, coordinates and mag-
nitude -- was taken from seismological bulletins of the United States, the
US3R, and the International Seismological Center.

12
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o plothing the hodopenphs of feat aretval and mnxtmum phases of PKP waves
no anunumptionn were mude nhout the form of the hodograph itself. As a
result it was possible to troce some clear branches that do not always coin-
cide with the well-known hodograph of B. Bolt (1968).

In the range of epleentrul distances from 12,000 to 18,000 km the most
stable phase of the PKP wave corresponds to the DF branch of the hodograph
(Flg., b). At distances A=15,300-15,900 km it copies the B. Bolt hodograph
with a lead of 3 s, with a delay of up to 1 s at A=16,600-16,700 km, and
with u delay of 2 g at A=17,400-17,600 km. The observed leads and lags do

not exceed the standard deviations calculated for the corresponding dis=-
tances.
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Fig. b, Hodograrh of first arrivals (solid line) end times of maximum phases
(points) of PKP waves. B. Bolt's hodograph (1968) is shown by the broken
curves,

Arrivals of the PKP phase that are identified as the GH branch (see Fig. U)
are distinguished only in fairly strong ( SKM 5> 0.6) earthquakes at epicentral
distances 4 =15,100-15,700 km and 4 = 16,738;17.100 km. Let us note that at

a distance equal to 15,100 km the travel time of this phase according to our
estimates corresponds to B. Bolt's hodograph. At the same time the derivative
for the hodograph here reaches values of p=3 s/deg, i. e. somewhat greater
than for B. Bolt's case. The second section of the GH branch deviates from
Bolt's hodograph by about b s, and at A =17,000 km has a parameter p=2.15

' s/dey,.
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One mipht think that with nueh values of the parameter p the oboerved sections
of" Lthe GH branch could searcely belong to o single straight line as suggested
by B. Bolt, and possibly are independent branches. Besides, the observed
values of the parameter p eliminate the possibility of intersection of the

GH and DI branches.,

liet us note that the parameters obtained relative to the GH branch are quite
close to T. B. Yanovskaya's results (1971).

The standard deviation of the experimental data does not remain constant with
a change in eplcentral distance, responding sensitively to inhomogeneities
in the structure of the medium, In the distance range of 12,100-15,100 km
the DF branch is characterized by a standard deviation of o=$1.5 5. On the
] 15,100-15,600 km seguent the standard deviation for this branch increases
= to 0=212.1 8. The increase in variance may possibly be due to the fact that
on this section one sees waves of the GH branch in the first arrivals, while
waves of the DF branch are in evidence in the second arrivals. The standard
deviation 13 0=1%1.8 s for the GH branch on this section.

on the 15,600-16,000 km section one cannot see the first entries of the

Gl branch, and at later times, interference of several wave groups is ob-
gserved, the most stable among them being the group corresponding to the DF
branch. The standard deviation on this seetion is o=13,1 s. Beyond

16,000 km the waves of the DF branch again go out to the first entries, and
the standard deviation once more falls to o=11.9 s on the 16,000-16,500 km
section. With a further increase in distance, the GH and DF branches diverge
still more, and the standard deviation decreases: to og=31l.4 s for the

DF branch, and to o =%1.2s for the GH branch.

Thus it turns out that the wave pattern in the given range of distances is
very complicated and the differentiation of different branches will inevitably
be accompanied by errors, particularly in the case of slight earthquakes. :

Analysis of the hodographs of maximum PKP phases shows that the maximum
amplitudes may also correspond to different branches. It is clear from

Fig. b that at distances up to 16,000 km the maximum amplitudes as a rule
correspond to the DF branch. They are observed on the average 4 s after the
first entry of waves of the given branch; the variance in time of arrival

of' the maxima is not much greater than for the first entries. In the interval
of cpicentral distances between 15,000 and 16,000 km the first entries of the
GH branch are poorly distinguishable, although the maximum amplitudes in
approximately 15% of the cases correspond to just this branch.

In the 16,000-16,200 km interval the DF and GH branches are indistinguishable,
and in the 16,200-16,400 interval the maximum amplitudes fall to the GH branch
in the overwhelming majority of cases. In the 16,400-17,200 km interval the
maximum amplitudes are associated with the DF branch in only 10% of the cases,
and fall to the GH and AB branches each in about 40% of the cases. 'The AB
branch predominates after 17,000 km.

1l
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2, Correlation between scales of fluctuations in seismic wave parameters and
horizontal inhomogeneities of the earth

The horizontal inhomogeneity of the earth has been little investigated even
though it has a very strong influence on kinematic and dynamic wave charac-
teristica. The effect of inhomogeneity on level, shape and phase difference
(truvel time anomalies) depends on the size of the inhomogeneity, "intensity,"
and the relative placement of the source and the observation point. With
respect to "intensity," 1. e. the deviation of velocity (quality factor) from
the average, it 1s known that in most instances the magnitudes of anomalies do
not exceed a few percent. This circumstance considerably simplifies the
calculations of wave fields, since the effect of the action of the inhomo-
geneity is linearly dependent on its "intensity."

A preat deal of theoretical and experimental research has been devoted to

the propagation of seismic waves in plane-laminar and spherically symmetric
media. Although the effect of horizontal inhomogeneity of the medium shows'
up rather clearly in isolated instances, it has been very little investigated.
Therefore, we have examined chiefly the problems of wave propagation in

weakly inhomogeneous media where slight (horizontal or three-dimensional)
inhomogeneity is superimposed on one-dimensional, plane-laminar or spherically
symmetric inhomogeneity. Corresponding to such differentiation of the

medium is an analogous differentiation of the field.

Influence that Inhomogeneity of the Medium has on the Level and Phase of a
Seismic Wave. Terminology. The natural logarithm of amplitude of an oscil-
latory process is called the level (1nA), and the product of travel time of
the wave by angular frequency is called the phase. In the following discus-
sion we will be concerned only with deviations of travel time or phases from
the average. We will call these characteristics simply the time deviation §t
or the phase deviation 8¢ =(2nf)ét. Without going in detail into the theory
of wave propagation in inhomogemeous media that has been worked out in acoustics,
optics and radio physies, we will take up only the main results. To do this,
we introduce concepts that are not used in the seismies of horizontally
layered and spherically symmetric media.

Random inhomogeneity of a medium is small-scale inhomogeneity that is
approximated by a three-dimensional random field. We will assume that the
actual field of the inhomogeneity is one sample of a general set that contains
all possible specimens of the random field. The simplest and physically most
applicable model of a random field is a smooth, homogeneous and isotropic
field. OSmoothness means continuity in variation of the field and its deriva-
tive; homogeneity means steadiness in space, sameness of the statistical
characteristics of the field throughout the entire region of the medium under
consideration; isotropy means equivalence of all directions, i. e. the absence

- of directions in which the statistical characteristics of the medium will
differ from the average characteristics taken in other directions.

The term "size of inhomogeneity" can have two meanings. In the case of a
locul iusolated inhomogeneity it means the average size of its thickness.
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- In the description of a field with homogeneities of different sizes, the
muximum size Is usually considered, which is identified with the interval
of spatial correlation a of fluctuations in seismic wave parameters. ‘'his
Interval == the distance between two points where the correlation coefficient
reuches some threshold such as 0.2 -~ may serve ag an estimate of the average
gizes of inhomoger~ities. It is necessary to distinguish longitudinal and
trangverse correlation intervals: longitudinal meaning correlation along
ruys, and transverse -- along wavefronts.

The geometric region is the part of the medium filled with the "shadow" _ast
by the inhomogeneity. ''he boundary nf this region extends to a distance of
about. YAa from the inhomogeneity; XA is the predominant wavelength.

The diffraction region lies beyond the geometric region at distances greater
than YAa from the inhomogeneity.

The point of observation for nearby inhomogeneities lies in the geometric
region, and for remote inhomogeneities -- in the diffraction region. As a
consequence of the principle of reversibility it turns out that if the re-
celver is in the geometric region relative to some inhomogeneity and seismic
source, then when the source and receiver change places the latter will also
be in the geometric region. Thus, inhomogeneities located close to the
receiver cast a shadow over the entire length of the seismic ray.

In media with large inhomogeneities wave propagation takes place in ac-
cordance with the laws of geometric seismics. We will call such media in-
homogeneous. In media with small inhomogeneities wave propagation takes
place in accordance with the laws of nongeometric diffraction seismics.

We will call such media turbid (Nikolayev, 1972). Actual media contain
inhomogeneities of different sizes and are simultaneously inhomogeneous and
turbid.

The main peculiarities of the wave field in an inhjomgeneous medium (we mean
here a large three-dimensional inhomogeneity rather than a change in velocity
in one direction): a) good correlation is observed between fluctuations of
amplitudes and phases; b) the anomalies of wave field characteristics on the
plane of observations coincide with the region into which the seismic rays
project the inhomogeneity; c) seismic oscillations are subject to a change

of amplitude and phase, but their shape is preserved, i. e. the amplitude
fluctuations of individual phases of an oscillation are strongly correlated.

The main peculiarities of the wave field in a turbid medium:

a) fluctuations of amplitudes and phases are uncorrelated;

b) longitudinal correlation of fluctuations extends to the same distances

ns the region of peometric shadow. The transverse correlation of fluctuations

for plane waves is the same as the correlation of the inhomogeneities them-
selves, and the correlation interval is equal to a. When waves with complex
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wavefront surfaces pass through the medium the correlation interval is al,/ly,
where 1| i3 the geometric diverpence of the wavefront close to the inhomo-
genelty, and Iy is the peometric divergence close to the surface of obser-
vatlon. 'The quantity 1, iu nearly anlways greater than 2y, which means that
the intervul of transverse correlation increases as the inhomogeneity
approaches the source and gets further away from the plane of observation.

The quantities ) and I, ure directly proportional to the cross sections of
tubes of rays;

¢) in a medium with large inhomogeneities (a » \) scattering is directed
forward and is concentrated in a cone with small vertex angle. In a medium
with small inhomogeneities (@ « A) scattering is isotropic, and therefore a
comparatively small fraction of the energy of the scattered field follows in
the direction of propagation of the transmitted wave. TFluctuations in the
times of first entries occur chiefly under the effect of a large inhomo-
geneity. Scattering by small inhomogeneities is accompanied by a sub-

B stantial exchange of the P+3 type. The scattered waves arrive at the point

) of observation with large delays from different directions, and therefore
the intensity of fluctuations increases with depth of the seismogram;

d) fluctuations of amplitudes and times are related by the following
expression:

D3 In A = 4n'/* D8l = D8O, -

Here A is amplitude, t is time, D is the symbol for the mean square or
variance, § is the symbol for fluctuation, ¢ is phase. This relation means
that the variance of fluctuations in the natural logarithm of the amplitude
is equal to the variance of fluctuations in phase. Let us note that

SinA =8AlA, if JALA,
where SA is the fluctuation of amplitude, and A is the average amplitude.

In a turbid medium, the fluctuations of amplitudes and times increase as
the wave propagates. The quantities DS 1ln A and D6t in a homogeneous turbid
medium are proportional to the path L traveled by the ray:

D8 In A = 4n''Dbt = gL,

vhere g is a proportionality factor called the coefficient of turbidity. It
has the dimensions of [length]~! and characterizes the scattering action of
the medium. In the case of large inhomogeneities, g coincides with the
coefficient of scattering.

Method of Studying the Spatial Structure of the Field of Amplitudes and B
Hodographs. Investigation of the spatial structure of amplitudes and travel

times requires first of all the differentiation of the observed fields into
components that correspond to change in velocity with depth, large horizontal
inhomogneity, small inhomogeneity -- turbidity, inhomogeneity close to the

source and receiver. This resolution is carried out by spatial averaging

of the characteristics of the field, and therefore is based on combined
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procesning of duta of a large number of seismic stations and sources. De-
pending on requirements for detuil, the seismic stations must be situated
more or less closely together,

The investigution of the influence that a change in velocity of seismic waves
with depth has on the amplitudes and times does not require a dense network
of stations, and has been well studied both for the earth as a whole and for
its individual regions. The results of these studies are hodographs of waves
and calibration curves of A and A/T. '

Investigation of the influence of regional inhomogeneity associated with
large velocity anomalies and anomalies of the absorbing properties in the
crust and upper mantle requires a well developed regional network of seismic
stations. The procedure for distinguishing anomalies consists in averaging
of data over uareas, and calculating the corresponding background velues and
deviations from the background. These deviations in turn are averaged over
smaller sections (local sections), which enables determination of the local
background of the anomaly and deviations even from this background that are
aussociated with still smaller inhomogeneities. The systematic deviations
for each station depend on seismogeological peculiarities, i. e. inhomo-
geneity of the upper part of the profile close to the stations. The remaining
fluctuations are caused by the minor inhomogeneity of the earth on the tra-
Jectories of rays from the sources to the seismic stations; they cannot be
localized, and are described in statistical terms: +the mean square of the
fluctuations is determined, their law of distribution is studied and so on.

Possibilities of Using the Kinematic and Dynamic Characteristics of Waves for
Studying the Structure of the Earth. The amplitudes and travel times are
unequally sensitive to inhomogeneities of the earth. The travel time is a
stnble parameter that depends primarily on change in velocity with depth

and the large-scale inhomogeneity of the medium. Minor inhomogeneities of

the medium cause very small fluctuations in the travel times with little
distortion of its characteristic features associated with the most appreciable
elements of the structure of the earth. Therefore the kinematic character-
istics of waves play a major role in the study of the principal large-scale
features of the earth's structure.

The amplitudes of oscillations arc a less stable characteristic that reacts
sensitively to both large and comparatively small inhomogeneities. Therefore
the amplitudes of oscillations are used as an auxiliary parameter in plotting
velocity profiles. However, small inhomogeneity, turbidity, is revealed
better by amplitudes than by the travel times of waves.

A detniled study of the space and time structure of the P-wave became possible
comparatively recently: simultaneously with the deployment of dense networks
of recording stations and seismic groups. At present we have only preliminary

results on space and time organization of the longitudinal wave (Aki et al.,
1976; Sedova, 197h).
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In the general case the space-time structure of a P wave can be represented
as follows:

P(S, 1) = A(S)g(S, I+ 8,

where A(S) is the amplitude of the signal recorded on area S(X,Y); §(S,t)
is the pulse shape of the longitudinal wave normalized with respect to
amplitude and registered at the instant corresponding to the hodograph t(8)
and the travel time anomaly &t. Thus the variations of space-time orgeni-
zation of the P wave are amssociated with fluctuations of amplitude 68A,
travel time 8t and pulse shape §9¢,

. The spatial variability of shape ¢ is associated with distortion of the

- signal spectrum that can be expressed in terms of the spatial fluctuations of
the spectral components of the signal. The spatial variation of the spectral
components of the pulse of the P wave can be evaluated by using the coherence
function. TFor instance if on some area 5(X,Y) the waveshape ¢(S,t) can be
described by the spectral function ¢(S,u), then the spatial coherence is
determined by the expression

G (S Say ) = kmod (§ O (S, u) et S-30 dS),

where ¢(S,w) is the spectral function of the P wave; k is a constant; SJ
and Sk are the points of observation on the area S for which d(s,w)#0.
By studying the spatial variability of coherence G we can get an idea of
the nature of distribution of wave numbers in the investigated medium.

In practice it is more usual to estimate the coherence function of time
realization of a process taken as a steady-state ergodic random process.

If at points 5j and Sk we get realizations fj(t) and fx(t), then the estimate
of their coherence function takes the form

Gl (0) = |Fp (@PIFs (o) Fa (@I, L

where Fik(w) is the mutual spectral density of realizations f;(t) and fx(t):
Fj(w) and Fx(w) are the spectral densities of individual realizations.

Analysis of the known results of evaluation of the coherence of the P wave
on groups and systems of stations (Capon et al., 1968; Hasegawa, 1970;
Jansson, Husebye, 1968) shows that the coherence of the P wave on the average
attenuates with an increase in the relative distance between points of
registration. Simultaneously with this the ccherence function undergoes
appreciable spatial variations, probably associated with spatial inhomo-
geneities in the earth's interior.

There is a direct analogy between the estimate Gj (w) that is equal to the

square root of the expression (*) and the estimate of the correlation ratio
Ky = loj; (alaf) ", : , ‘

where 0$J is the mutual variance of the signals fi(t) and t,(t); of and o

nre the variances of the individual signals. Therefore in Studying the

spatial variability of the shape of the P wave, an estimate of the correlation

ratio in frequently used.
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Moher'ns 2sbost In ordinnrlly used Lo check the aceuraey of the correlution

2w -'rltl (i:-}zif) = areth K.

For n»20, 7 conforme approximately to normal distribution with average

m,—-;-ln(-;!-“f-"ﬁ-

and variance
0$ = |I(n *-'a,a

where ¥ ig the correlation ratio, n is the sample space.

The confidence limits for ¢ are determined from the relation
A2V A3 (2= m) &,
where Ay {8 the quantile of normal distribution for confidence level a.

Thus the true correlation ratio with probability a will be in the interval
L4 L4

imthZaliny=th2Z 44 t=N/Ya=3

In many instances simpler methods are used to estimate the reliability of
the correlation ratio. In particular, it is convenient to use the estimate
of the mean square error of the correlation ratio

og = (| = KW)Y/a.
[n this case it can be approximately assumed that with probability 0.75 the
random error will not exceed 20k, 1. e.

n = K & 20,

Besides, if the ratio (K/oK) >3 when n 250, {t can be assumed that the sample
correlation ratio is reliable and reflects the sought relation.

wvhere

In our studies, wherever necessary, the reliability of the correlation ratio
wins evaluated in accordance with the rules we have described above. Shown in

L
’

I -l sl iy
. 1!1 1 1{{1 t

o/ o/
L4 o2
Y A Ao I FENTEN PR WYY A dcenddaddd. A i Y
4 2 7 5 » W 10 N /4 L A wr tw L A

ly,lu

iy, 5. Dependence of the correlation ratio of the shape of a P wave on
distance between stations and epicenters of earthquakes for different
regions of the world. 1-«V. Din's data (1968); 2-«data of B. Jansson and
E. Husebye {1968); the horizontal lines represent averaging intervals:

the vertical lines show the T0% confidence interval of the average values.
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Flg, 9 are average estimnten of the correlation ratlio of the shape of the
P wave np a function of the relative distance botween recording stations
found by V. bin (1965) on the Tonto=Forest group, nnd by B, Jansson and
E. Husebye (1968) on stations of Fehnoscandia and the WWSSN world=wide
network.

Analyeis of these data shows that a charncteristie feature of the spatial
correlation of the shape of the P wave is a tendeney toward systematie
attenuntion with ah {ncrense In the relative distance between recording
stations, and nlso the presence of comparatively sharp spikes and extinetions
superimposed on the geheral pattern of the curve. 'The trend eomponent of
the function KU(A) asymptotieally approaches the 0.5 level. 'The most
clearly pronounced spikes and dips in the funetion Ky (A) are confined to
distance intervals of L0, 120, 1500, 2500, 5000, 8000 and 11,000 km.

To study the spatial structure of fluctuations of the parameters § 1g A, 6t
and 6 of the P wave, the strueture funetion introduced by A. I. Kolmogorov
(1941) is of preat interest. Sometimes this ia ealled an autostructure
function, The structure function i{s understood as the mean square of the
difference in values of the function x(r) separated by interval t:

Nt
Clt)em CIX ()= X)) s (N 1) ,}-.;l 1Xu0r) = Xt 001N

If we take the deviation of the X(r) from the average rather than their
uctual values, then

Clya X () = X'(r 0D,
X=X =X X (4 0) = X+ 1) =X

There i & definite relation between the structure function and the corre-
lation ratio. As a matter of fact, from the preceding expression we get

CO=aX MIH=2¢K ()X +0)+ar r+ P
Since QX )P = QX (¢ + )Py=0', where 02 is the standard deviation, we have
C(y) =2le" — K (1)l
As t >, K(1) 0, whence C(») =202, and the normalized correlation ratio is

K (1) = K (Yo" = | — C (1)/20", (+9)

-

Formuln (**) establishes a simple relation between the structure function
and the correlation function: when 1 =0, C(t)=0, and K'(1) =1; when t =,
c{1) =202 and K'(1) »0.

For the snke of convenience we arbitrarily denote the structure function of

fluctuations & 1g A, 8t, 6 by <88AZ>, <86t2> <6692>. Fig. 6 shows the
structure functions <86t2> for fluctuations of travel time of the P wave, and
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Fig. 6. Structure funetion of fluetuations in travel time and variations
in thicknegs of the earth's crust for the territory of the LASA group in
acrordance with data of H, Iyer and J. Healy (1972). 1l--variations in
thicknesns of the earth's crust; 2--fluctuations of travel time; 3--smoothed
structure function of variations in erust thickness

also the structure function <§8H2?> for variations in thickness of the
earth's crust 8l aecording to data of the LASA group and 20 portable
U3Gs stations (Iyer, Healy, 1972).

As can be seen, the structure function has an absolute maximum at a distance
of 100 km and a series of relatively low extrema. 1f we consider the
smoothed function <88H2s we ean see that the first maximum comes at a distance
equal to 100 km, and the first minimum is close to 180-190 km. This indicates
that in the change of crustal thickness in the territory of the LASA group

a characteristic rhythm can be observed that has a period of the order of

180 km and accordingly a half-period of the order of 90 km. In addition,
other characteristic rhythms are observed as well, but less pronounced, e. g.
of the order of 35, 110 km, etec.

If we look at the structure function of fluctuations of travel time of the
P wave, we can see that it is practically identical in shape to the func-
tion <66H2>, This indicates a direct genetic relatioi between fluctuations
of travel time of the P wave and variations in the thickness of the earth's
crust, and apparently the upper mantle.

‘{;ﬂ".e' AiAn! Fig. 7. Structure functions of
fluctuations in travel time and
logarithms of amplitudes of P
\/ waves for stations of the United
J States and Canada: l--travel
times from California stations

A\ ]
—— [.‘,\ &

Vi VYA

h f"l 7 ‘-\,’\ (Robinson, Iyer, 1976); 2--travel

4% times for U. S. and Canadian

/] stations (Carder et al., 1966):
3--amplitudes from data of U. S.

_ stations (Cleary, 1967)
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Flg, 7 shown structure functions <88t2> nnd <88A2> aceording to the data of

& system of selsmle stations in the Unlted States and Canada. 'The structure

function ¢88t2s for relative distances of up to 150 km was obtalned from data

of a system of stations in Californim (Robinson, Iyer, 1976). Analysis of this

structure function shows its considerable similarity to the structure

funetion of the LASA group. At the same time some differences are observed:

for instance the absolute maximum here comes at a distance equal to 70 km.

In addition, relative maxima are observed here at distances of about 10 and

. 45 km, and relative minima -- close to 20 and 55 km. These facts show the
appreciable difference of the structure of the core and mantle within the
limits of the central and extreme western part of the United States,

The structure functions <¢88t2> and <68A2> within the l1imits of distances

from 70 to 4500 km (see Fig. 7) are plotted from the data of a system of
geismie stations i{n the United States and Canada (Carder et al., 1966;
Cleary, 1967). Analysis of the structure function of fluetuations in the
travel time of the P wave shows that the mean square of the second differences
<8825 systematically inereases with an increase in the relative distances
between seismie stations. In fact, for distances between recording points

of less than 100 km the mean square <88t2> does not exceed 0.2 of a log unit,
while for A =14,000-L4,500 km the mean squure is equal to aproximately 0.7-0.8
log unit. 'The behavior of the structure function <§6t2> shows relative
minima and maxima that show the presence of characteristic scales of fluc-
tuations in the travel time of the P wave. 'The presence of maxima and
minima of the mean square of fluctuations in the time of arrival of the P
wave, just as in the case of the LASA group, show the probable presence of
characteristic scales of inhomogeneities in the structure of the earth's
crust and mantle, Minima in the structure function are observed at distances
of the order of 80-90, 200, 40O, 1000 and 4000 km.

An examination of the structure function of fluctuations in the logarithm

of amplitude <§8AZ> shows its considerable similarity to the structure
function of fluctuations in the time of arrival of the P wave. It is worth
noting that fluctuations of the parameters § lgA and 8t were obtained on the
same system of recording =tations .\. Lic suwe uime, the systems of seismic
sources were different: the deviations of § 1g A were found from earthquakes,
while the deviations of §t were found from underground nuclear explosions.
In contrast to <66t2> the structure function <66A2> has an inherent somewhat
grenter expresciveness of shape. Besides, it is evident that the structure
function of fluctuations in amplitude contains "phase-wise" the structure
function of fluctuations in time of arrival of the P wave so that the

maximn of the mean square of the fluctuations in the logarithm of the
amplitude as a rule have corresponding minima of the mean square of ihe

time fluctuations.

The reason for the observed peculiarities of structure functions of fluc-
tuations in travel time and logarithm of the amplitude of the P wave can

be seen if we compare the velocity profiles of the crust and upper mantle
for the territory of the United States and Canada. Shown on Fig. 8 are the
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Fig, 8. Veloclty profiles of longitudinal waves for a number of territories
of North Ameriea. The WCB profile (broken line) is taken as the reference:
l-=HWA profile for southwest territories of the United States; 2--HWB profile
for northwest territories of the United States; 3..VIC.3 profile for southeast
territories of Canada; 5-~WCA profile for coastal territories of western
Canadny 6-=WOC profile for northwest territories of Canada

veloclity profiles of longitudinal waves found by R. Wiggins and D. Helmberger
(19'713), by G. MeMechan (1975) and also by S. Dey~Sarkar and R. Wiggins (1976).

An examination of relative differences in the veloeity profiles of the crust
and mantle of different territories of North America convinces us that the
observed fluctuations in travel time and amplitudes of the longitudinal wave
are engendered by horizontal inhomogeneities that contrast most highly near
the principal divisions in the crust and upper mantle.

Horizontal inhomogeneity is apparently inherent in the deeper interior of
the earth as well. Shown on Fig. 9 is the structure function of fluctuations

<6t s, g2

24,

“r " Fig. 9. Structure function of fluctu-
ations in travel time of a PcP wave

) calculated from data of the LONG-SHOT
underground nuclear explosion (Herrin,
1968)

45

' A 'l

1 009 M Ban

in travel time of a PcP wave plotted from data of registration of the LONG-

SHOT underground nuclear explosion reduced to the well known summary of
£. Herrin et al. (1968). :

Th? mean square of fluctuations in travel time for a PcP wave depends quite
uniquely on distances between seismic stations. For a relative distance
equal to approximately 100-200 km the mean square of time fluctuations
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reaches 0.6 8 on the nverage. With an incrense in distance to 3000-3500 km,
the mean square of the fluctuations deereases to 0,45-0,%5 82, Wth a
further increase In relative distanee, <§8t%5 increnses rapidly, and at a
distance equal to approximately 7000 km 1t reaches a value of 1.85-1.9 82,
With an increase in distance to 8000=9000 km, the mean square decreases te
0.5-0.5%5 52. and further, by 12,000-13,000 km 1t becomes equal to 0.05-0.1,
¢ ed it falls almost to zero.

The uniqueness of the strueture function of fluctuations in travel time of

the PeP wave eonsists in the nature of 1ts oseillations. Actually, the

most pronounced spikes in the mean square of fluctuations are confined to
distances that are multiples of the radius of the outer core (R, = 3486 3 km);
an absolute maximum is observed at a distance equal to 2Ry: the second and
third maxima with respect to magnitude are observed at distances of 3R; and
UR; respectively. In addition, the observed minimum in the mean square of

the fluctuations is econfined to & distance equal to half the length of the
circumference of the outer core.

A comparison of structure functions <§8t2> for P and PeP waves convinces us
that they reflect essentianlly different elements in the inhomogeneous strue=-
ture of the earth. A confirmation of this conelusion can be found if we
examine materials on the amplitudes of P and PKP waves of 11 stations of the
Comprehensive Seismological Expedition that were used to plot calibration
curves to be discussed in the next chapter, and also the azimuthal amplitude
curves of the P wave plotted from data of the SK channel of a group of
stutions situated in the Northern Tyan'-Shan'.

From data of measurements of more than 50,000 recordings of P and PKP waves
by short-period channels, individual stationary calidbration curves and a
summary calibration curve were plotted. Graphs were plotted for each station
for the way that the absolute value of the deviation 6 1g A depends on epi-
central distance, which vere then averaged (Fig. 10). Thus, corresponding to

1eyn
425§

|
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Fig. 10. Absnlute value of deviation of the logarithm of amplitude of P and
PKP waves as a function of epicentral distance from data of 11 stations of
the Comprehensive Seismological Expedition

enach value of A on the main graph is a broad set of stations and epicentral
reglons. Therefore the fluctuations in the graph of § 1g A characterize the
inhomogeneity of the earth's structure on the average, irrespective of any
speeific region.
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We can see from Flg, 10 that at eplcentral distances of 1,000-1%,800 km the
nverage deviation of amplitude at an arbitrary station for arbitrary earth
tremars la equal to nbout 0.13 log unit. ‘'the greatest differences between
individunl calibration functions are observed at epiecentral distances of
3h00-3600, h200, 11,600, 13,400, 14,000, 15,900 and 16,600 km. Minimum

dirrerences are confined to distances of 1800, 8200, 10,000, 10,600, 12,000,
and 1%,000=15,300 km.

. Fig. 11, Structure function of flue-
vy a tuations in the logarithm of the
L = - amplitude of P and PKP waves from
/ ’/\ data of 11 stations of the Compre-

\/\-\/ \ } hensive Seismologieal Expedition
‘/I < V
4y 7 : 7 ' 3T,

thous. km

(AT pays um/s

Plg. 12, (A/T) Azimuths i\
1. . max 88 & 2-95* ot |-— T /Ored
function of distance for ' WA\ i I V\M"\\ Lo T
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_ respect to different . M\ S A W LALA
: azimuths. Data obtained E AT B w7 i Y | o M M \\[\
from the entwork of -’ ar N
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equi pment,. o B o
25=20" 4/ . AR N
'] } \" ‘J’.::O(_‘
20-05° &1 f \a o e —
2e=041" 81 AN I
' -
W3 3 ¢ 7 ¢ pfthous. km

Shown on Fig. 11 is the structure function found from data on |6 1gA| (see
I"igg. 10). One can see that the mean square of the fluctuations of the
logarithm of the amplitude has minimum values with displacement in the epi-
centrul distance equal to 1300, 2400, 3800 and 5300 km, and vice versa, the
maximun values are observed at displacements of 600, 1800, 3300 and 4700 km.

Fig. 12 shows the azimuthal amplitude curves of (A/T)max obtained from data
of the SK channel of the group of stations in the Northern Tyan'-Shan'.
Analysis of these data shows that the individual amplitude curves have con-
siderable deviations from the average trend. A number of peculiarities
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indleate that in the area of location of the stationg the isotach surfaces

of divisions in the crust and upper mantle experience a considerable slope

ih the direetion with azimuth of 1802259, '"his question is examined in more
detull in the third part of the monograph with interpretation of materials
obtained on the Pamir-Boykanl seismic profile.

Chapter 2. Using Regional Calibration Curves to Improve Magnitude Deter-
minations

1. Reglonal calibration curves of waves propagating in the crust and mantle
of the earth

Estimation of the magnitude of earthquakes is subject to rather wide variance
88 a consequence of the effect of factors of the focus, path of propagation
and the relative location of the station and the source, as well as deviation
of the characteristies of the reception equipment from standard., Numerous
studies have been aimed at finding methods to compensate for the action of
specific mechanisms of fluetuations in magnitude.

In the first approximation, formation of the wave process can be described
by the following linear system:

A(u) = Ay (w, 0, ®) Ay (0, 8)A, (w), (o)

where A(w) i the spectral amplitude of the wave recording, Ap is the spectral
function of the source, A} is the transfer function of the medium in the
vieinity of the source, the receiver, and on the path of wave propagation:

Ay is the transfer function of the receiver.

In practice, seismic services estimate magnitude according to the following
scheme:

M =g (A} T) + Quld).

Here Qu(A) is an empirical function of damping. In accordance with (*)
1I8A (o) = Ig Ay + (I8 Ay + 12 Ay, (s0)

where 1g Ag in principle corresponds Lo the estimated value of M, so that
the function Qu(A) is determined by the sum of the factors in parentheses
in expression (**) and has the purpose of compensating for their action.
The function Qu(A) has come to be called the calibration function.

There are two methods of plotting calidbration curves: the first is to plot
individual calibration curves for each separate wave, and the second is to
plot u unified calibration curve for the maximum value of A/T regardless of
which group of waves of the given type this maximum belongs to. The first
method requires identification of individual phases since each wave uses its
own calibration curve. Incorrect identification of waves is an additional
source of' errors. ’

Erroncous identification of waves is associated not only with insufficient
skill of the analyst, but also with such objective factors as fluctuations

27
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFICIAL USE ONLY

In travel timen, losses of firat entries in the cnse of wenk signals, a large
number of waves with close travel times including some waves that are unstable
fn spuce that have u nature about which we are still uncertain. The use of

n system of culibration curves with respect to each type of waves, e. g.

with respect to muny Pn phases can ensure higher aceuracy only under condition
thal, the vystem of magnitude corrections is known with respeet to each group
of waves for each station relative to each epicentral region. In the final
analysis, such a system of calibration funetions will be extremely sensitive
nhd unstable. 'The integrated amplitude curve (A/T)puy 18 more stable, par-
Licularly in regions of wave change, where a complicated interference pattern
is observed. Therefore calibration curves plotted by the second method,
despite a number of simplifications, frequently ensure higher accuracy.

At the same time, the reliability of calibration can be improved by using
integrated calibration curves of other types of waves such as Pg, Lg, Sn, ete.

The most extensively used have been magnitude scales plotted for surface and
longitudinal waves. Scales in which surface waves are used will be designated
by the symbol M in the following presentation, while those in which body waves
nre used will be denoted by the symbol m. For longitudinal waves, scales
huve been developed with the use of both a vertical component (we will denote
the vertical component by the subseript V) and a horizontal (H) component.
Determination of magnitude from surface waves is based on the total horizontal
isplucement vector. Calibration of earthquakes with respect to other types
of waves has not been extensively practiced. Magnitude scales of both types
have numerous modifications, depending on the equipment used and the measure-
ment technique. :

Analysis of station discrepancies in evaluation of magnitudes has shown that
sometimes even the very determination of magnitude leaves room for subjective
evaluation of experimental material. For instance in determining the maximum
values of A/T on two horizontal components, synchronism is violated (Aranovich
et al., 1966).

Our studies have shown that using only a single component does not reduce
the convergence of magnitude estimates, and at the same time simplifies the
measurement procedure, considerably weskening the role of the subjective
factor. 1In this connection, when plotting calidbration functions for longi-
tudinal waves and Rayleigh waves we used the vertical component, and for
transverse waves -- the component on which the value of A/T is maximumm.
This is usually one- of the horizontal components.

The convergence of magnitude estimates with respect to body waves depends to a
large extent on the method of measurement, and first of all on the choice of
the time interval used for the magnitude estimates. A careful analysis of
this assumption was made with respect to earthquake recordings on seismic
stations of Talpar, Frunze and elsewhere on standard SK, SKD-0 and SKM-3M -
aquipment. It was established that more than 95% of earthquakes with mag-
nitude M cxceeding 7.5 have maximum values of the ratio A/T in the longi-
tudinal wave within the first 20 s of the recording, and in only 55% is the
rmaximum A/T recorded in the first 5 s.
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Apparently one of the prineipal reasons that the NOS serviece of the United
States consistently understates estimates of earthquake magnitudes from

PV wave duta as compared with the YeSSN service of the USSR is that a short
{nterval of measurements is used for the maximum value of the A/T ratio.

Besides, it should be borne in mind that for strong earthquakes with magnitude
Ma‘t.5 the maximum value of A/T in a PV wave may be delayed relative to the
first entry by 60 s or more. Let us note that analogous results were found
by K. K. Zapol'skiy (Zapol'skiy, 1971; Zapol'skiy et al., 1974) with respect
to data of analysis of frequency=-time fields.

In plotting callbration curves from longitudinal waves which are shown below,
the maximum value of A/T was sought and measured in a 20-second interval for

- earthquakes with M<7.5, and in an interval with duration of 60 s for earth-
quakes with M2 7.5,

Quite apprcelable blunders leading to systematic errors of the order of
0.1-0.15 unit of magnitude can arise as a consequence of imperfect methods
of tinding and measuring the actual maximum ratio A/T. For instance in a
number of cases the quantity Apay/T is used instead of (A/T)pay. It is
appropriate to mention here that B. Gutenberg's magnitude classification
(1963) was based on the maximum ratio (A/T)pax

Experience has shown that the best estimate of (A/T)pax is given by the ampli-
tude A measured from the zero line of the recording, and the corresponding
half-period T/2.

s In plotting the calibration curves we used recordings of seismic stations at
Alma-Ata, Shchel'-Dal'nyaya, Talgar, Rybach'ye, Kadzhi-Say, Praheval'sk and
Frunze for earthquakes with normal depth of focus. These stations are
equipped with sets of standard equipment SK {SKD-0) and SKM-3M that have
fairly similar amplitude-frequency responses. Constant magnification is
observed in the range of periods from 0.3 to 10 (15) s for the SK (SKD-0)
channels, and from 0.1-1.2 s for the SKM-3M channels. With increasing
periods the amplitude-frequency responses fall off as the third power.

To improve the convergence of the calibration curves during plotting, the
well known method of B. Gutenberg was used that consists in tying the cali-
bration curve of a body wave in with data of the calibration curve of surface
waves. 1In doing this it is important that the step of the new scale be
constant, and that the curves be parallel in different ranges of magnitudes
of the reference scale with respect to surface waves.

This coordination of calibration curves was done for all the wave types
indicated above. To do this, individual (A/T)p,, curves were plotted as a
function of the epicentral distance for six levels of the scale of magnitudes
Mpy of the YeSSN service: 3, 4, 5, 6, 7 and 8. For each wave type, about
1500 earthquake recordings were used in the distance range from 200 to 11,000
km, and n range of magnitudes My from 3 to 8. The data on the Mpy vere
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tuken from the bulletln of the YeSSN service and spot checked with respect .
to recordings of the stations at Prunve, Alma-Ata and Przheval'sk.

It wag found that carthquakes with Mpy=3 are representative for distances
up to W00 km, with Myyp=Mh up to 1800 km, with My =5 up to 6000 km, earth-
quokes with Mpjt =6 are representative for the entire distance range, with
Mpi =7 from 1500 to 11,000 km and with My =8 for distances greater than
5000 km,

In averaging experimentnl data of 1g(A/T)py the step with respect to distance
was usually equal to 200 km. 'The averaging curves were plotted within
confidence intervals estimuted from the formula

o= olpalVar =1,

where the qp are confidence limits for the true value of Qy in the i-th
epleentral distance intervaly the o4 is the corresponding value of the mean
square deviation; ny is the number of data of 1g(A/T)yays t(p k) 18 the
Student test for a confidence coefficient of p=0.68 and number of degrees
of freedom k=ny -1,

The mean square deviation of wus estimated by a simplified method. Since the
distribution law for the quantity 1g(A/T)pax is close to normal, the mean
square value in the i-th distance interval was estimated on the graph from
the width of the 68% interval of values of 1g(A/T)pax. A check of estimates
of vy by the formula

o= [/ & VAT Yy = ANty = 1)

showed that when n 210 the discrepancy in the estimates does not exceed
10-15%. 'The calibration curves found in this way are shown on Fig. 13.

,; & "] Fig. 13. Calibration curves for
KT NN N longitudinal (a, 6), transverse
’ NS 3 (e) and surface (2) waves: 1--

s | ' from data of Northern Tyan'-Shan'
. ’ , stations, SK equipment; 2--from
P 1y ..5.},,\ — \ji, VAN T v AT —-= ~-74¢ data of the Talgar station, SK

” “‘\\; | A i P A % . equipment; 3--YeSSN summary
Al “ curves; lU--from data of Northern

4’ Tyan'-Shan' stations, SKM-3 equip-
ment; axis of ordinates marked off

‘e
:&RN l o ~ [ 7] to the rignt (6).
~\——- v'[\

/

— el ——p ey
NG 7
’ s J 7 Y A, thous. km
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Analysis of the results shows that ecurves for lg(A/T)mux as a function of
cpieentral distance for a Rayleigh wave are parallel to each other prac-
tlcally throughout the range of epieentral distances. The step between
eurves 18 constant, docs not depend on the range of magnitudes of the
reference scale of Mpy, and practically coineides with the step of the Mpy
scale. ‘The relative level of the calibration curve of the R wave is such
that on the average it satisfies the relatlon

18 (AIT)ini= 18 (AIT)n = 0,1,

Thus we can take as fully justified the calibration of earthquakes with
respect to a Rayleigh wave with the use of the known calibration curve for
Mty for medium=period SK (8KD-0) equipment. .

The ealibration curve for a Rayleigh wave found over the network of Northern
Tyan'-Shan' stations is shown in Fig. 132, Also shown here for comparison
Ly the Mpy ealibration curve of the YeSSN service.

An examination of the calibration curve shows that in the distance interval

of 200-2000 km its level falls off on the average as A~ 7., TIn this connection
the exponent may vary from =1.52 to =1,66, At greater distances, the curve
falls in accordance with a law of A=1:66, 1In the case of a spherically
symmetric model of the earth and isotropie radiation of the seismic source,
the amplitude of the Airy phase of the surface wave can be described by the
expression

A = kA" (sin A)*% exp (= vA), ' (oee)

where k is a constant, y=7(V1Q)=! is the attenuation factor, V is group
velocity, T 18 the period and Q is the quality factor of the medium.

In matching the theoretical amplitude curve according to (***), the best
agreement with experimental data is obtained when y =0.025 (deg)“1. At a
group velocity V=3 km/s and period T=9-16 s (Ruzaykin, Khalturin, 197h)
this corresponds to a Q of about 300-500, which agrees with known data on
surface waves (Smit, 1975).

M Tl aas Fig. 1b. Family of curves
- : of change in (A/T)pay in a
@ S AR 1 Py wave with distance for
’”‘ e AN S five values of My, (SK
A = -\ == equipment); the white
SR IRV A LA —— ci;cll)is 1z:reiav]ehragesx,
10 ARG N UL - ]S Ll and black circles are
s Y e =\F  isolated values.
e X/ = /
A1V A YR 7Y \
[ ) 5, e o o 7;-'['7&:- e e T L —
@ 7 ==} = :

7 5, thous. km
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TABLE 1
Avernge values of coefficient b in regression|n=bMLH-ba
Distance Magnitude My
rangen, km b5 5.6 61 1-8
200-2,000 0.39 0.68 - —_
2,000-5,000 —~— 0.58 0.64 0.66
5,000-7,000 — 0.50 0.62 0.72

7,000-10,000 —_— —  0.60 —

Annlysis of calibration curves of longitudinal Py waves obtained on medium-
period equipment SK (F'ig. 1b4) shows that in general the parallelism of the
(A/T) gy curves for different amplitude intervals is not violated. The
average values of the step between these curves or the regression coefficient
in the equation m=bMpy +a for different distance ranges are summarized in
Table 1.

The data of Table 1 show that only for the amplitude range MLH==M-5 and the
distance range of 200-2,000 km is the regression coefficient apprecisbly
different from the average value of 0.63 found without consideration of

this anomalously low value. A scale step equal to 0.63 was obtained by

B. Gutenberg (1963) in a world-wide summary. At the same time, including
the estimate of the coefficient b for MLH==h—5 in the average reduces the
seale step to 0.57. This value in turn is close to the estimate recommended
by the Committee on Earthquake Magnitudes at Zurich on 3 October 1976.

It is suggested that two branches of the calibration curve be used for
calibrating earthquakes on distances up to 1000 km: one with respect to Pn
waves, and the other with respect to Pg waves. This will appreciably expand
the dynamic range of calibration on such distances.

For comparison with the calibration curve of the North Tyan'-Shan' group of
stations in Fig. 13a, calibration curves of the YeSSN service are presented
{shown by the light line) and the Talgar station for the SK channel (broken
iine). Note that the calibration curve of the YeSSN service is extremely
smoothed out and cannot account for regional peculiarities that are rather
well differentiated on the North Tyan'-Shan' data.

Fig. 136 juxtaposes calibration curves with respect to longitudinal waves
obtained on North Tyan'-Shan' stations on two types of equipment: medium-
period (solid line) and short-period (broken line). It is clear that the
cnlibration curve obtained from data of the SKM-3M channel is considerably
complicated by fine details. At the same time, it clearly shows the major
elements of the calibration curve for the medium-period equipment SK (SKD-0).
Tukins, the detail of the SKM-3M curve as excessive and noting that it is an
average of 0.3 log unit away from the SK curve, we can recommend the calibra-
tion curve for the SK channel with a correction of 0.3 for calibrating
earthquakes from data of the SKM-3M channel.
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Flg. 130 shows callbration curves for § and Lg waves. In plotting them as

u function of the value of Mpy an tdentical scale step is obtained that is
equul to 0,60 log unlt., However, wave damping in the distance range from
200 to 2500 km differs appreciably. Vor the Sn(S) wave, damping on the
average takes place nccording to the law a=1.8, For Lg waves this law takes
the form A‘l'ﬁ, which agrees on the average with damping of the Raylelgh
wave, as was shown above.

It is interesting that attenuation of the Lg wave differs somewhat for
distances A>1000 and A <1000 km. In fact, if expression (***) is used to
approximate the amplitude curve of the Lg wave, assuming that it is related
to higher modes of surface waves propagating with minimum group velocity,
then the best agreement of the theoretical curve with experimental data is
observed for y=0.20 when A <1000, and y=0.13 when A >1000 km. Taking into
consideration that T is approximately 3 s, V=3.57 km/s for A <1000 km and
V=13.65 km/s for A > 1000 km, we get for the first case a Q of approximately
160, and for the second case a Q of approximately 250. Such a simplified
estimate allows us to assume that the Lg wave recorded at distances A > 1000 km
propagates in a relatively high-Q medium.

TABLE 2.

Values of calibration functions Qy(A) for longitudinal Pg and Py waves from
from shallow (H<60 km) ‘earthquakes

A e Pv ] .4, Py I Py 4, nm Py
200 4,85 565 300 748 6400 6,0 9500 g g
300 844 580, 340 7,08 6500 6,00 9600 g
400, '5% 504 3500 69 6600 6,9 9700 g9
S0 554 6,06 3600 6,88 - 6700 6,00 9800 ¢.03
60 57 6,48 370 67 600 6,9  9%0 703 .
70 587 63 3800 67 600 6% 0000 7.2
800 6,00 64 3N0 6,7 7000 6,84 10100 74
900 8,40 645 400 , 6,70 7100 6,84 10200 74
1000 , 62 62 410 ' 67 . 7200 6,84 1030 7'
1100 —- 8- 20 87 . 700 6,8 1040 7'
120 — 842 400 67 N0 6,0 10500 758
1300 — 648 40 670 00 6,98 10600 . 740
1400 — 85 4500 6% 7600 7,00 0700 728 '
1500 — 8,53 4800 8,70 700 7,02 10800 72 °
100 — 85 40 68 7800 7,02 10800 73
700 © — 6,50 40 692 700 T.02 41000 7.8
190  — 6,63 400 7,05 600 698 )
1900 -~ 6,63 . 50000 667 8100 690

2000 — 640 510 6,8 8200  6.88

2100 —_ 6,% 5200 6,85 8300 6,85

2200 — 6,3 5300 6,85 8400 6,8

2300 — 640 ' 5400 68 8500 680

2400 — 641 5500 6,78 8600 682

2500 — 8& %0 877 800 685

2600 — 84 5100 6% B850 690

2700 — 63 5800 7,00 8%0 7.0

2800 — 64 590 7,08 9000 744

2000 — 857 6000 7,00 9100  7.42

2000 — 67 600 6,9 5200 6,88

3100 ~ 6% 6200 6% 030 682

200 — 7,08 630 6,9 900 683 .

v
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TABLE 3

Cnlibention Cunetionn QM(A) far trangverse Sn and § wavey and Ty waves
of shallow carthquukes from measurements of (A1), 4
on the single most intense component

A, 2 Ls " A, [} ') ] A, am L}
a 4% 40 m e exo om0 18
I 48 52 o 80 ew 6% 9 N0
M0 478 B4 Mo oM G 87  pAo 1,00 .
%0 4,08 858  3%0 68 80 668 ok0 W
6w 8,45 57 00 67 6w 661 00 ‘7,00
w0 8,3 584 800 668 w660 0 1,
00 542 600 380 66 600 677 om0 r108
00 5,50 644 w0 &M w0 68 OO 7,00
1000 585 62 0 60 0 &8 1000 ' 7,1
1o 885 62 40 67 Too 6,2  qofo0 T8
1200 55 6% 40 68 700 678 1020 738
500 85,60 M3 400 2,00 70 6,8 0% 10
140 5,67 6 4w0 600 7400 6,03 f0k0 T4
150 5,73 6,40 40 68 700 6,07 (0500 783
1000 580 65 40 6 700 1,0

100 . 8,86 6,62 4100 68 7700 1,04

s 8,00 662 400 68 M0 1,00

100 8,04 6,60 400 7,02 W0 7,0

2000 6,00 048 500 7,00 8000 7,10

200 6,05 6,30 500 8,00 8100 7,08

2200 6,42 6,29 8200 6,08 800 1,07

2300 6,20 638 50 605  8X%0 7,08

2000 6,28 6,44 500 698 800 1,07

2500 6,38 648 8500 602 80 7,1t

2000 6,5 650 500 604 8600 1,18

210 . -~ 658 S 7,00 800 1,10

2800 - 660 5800 7,08 8800 7,21

%0 - 600 S0 7,00 w0 7,1

000 — .87 N 66 W0 1,22

AW - 677 60 887 900 7,2

In comparing the morphological peculiarities of calibration curves for longi-
tudinal and transver waves given in Fig. 13a and 6 one can note a considerable
similarity of both average tendencies and a number of details, such as
agreement of the minima of curves in the vicinity of 3300, 4300, L9oe,

5800 and 9000 km, and of the maxima in the vicinity of 4000, 5600, 6600

and 9600 km. At the same time, there are some discrepancies in the behavior
of the curves at distances of from 1000 to 3000 km. This may serve as an
indirect indication of asymmetry of the elastic profile of the earth with
respect to longitudinal and transverse waves.

In comparing the calibration curve for S waves obtained on stations of the
Northern Tyan'-Shan' with the SH curve used in the YeSSN service (Vanek et
al., 1962) we are convinced that the use of the regional calibration curve
will improve tne convergence of amplitude calibration with respect to
transverse waves on the whole.

Table 2 gives the values of calibration functions Qy(4) for longitudinal Py
and Py waves from shallow earthquakes obtained from stations of the Northern
Tyan'~Shen', and Table 3 gives these functions for transverse waves and Lg
waves obtained on the North Tyan'-Shan' station group.
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[t should be noted that in recent years there has been considerable interest
in uning n series of seiomie waves for calibrating purposes that have not
been traditionally used in amplitude calibration (Bacer, 1967; Evernden,
19673 Nuttli, 19724 Street, 19763 Zoltan et al., 1975)., 1t is to be hoped
that the enlibrntion funetlons found in our work for a serles of body and
surface waves will help to expand the possibilities of ecalibrating seismic
sources nhd considerably improve the reliability of magnitude determinations.

2, Calibration curves of waves that have passed through the core

PKP waves have not been widely used ns yet in magnitude clasaification of
earthquakes. At the game time, the use of waves of this type would enable
us to include processing of data for earthquakes more than 12,000 km away.

The analysis done in the preceding chapter showed that differentiation of
some branches of PKP waves is very uncertaln, and therefore the construction
of magnitude calibration curves should be done with respect to two groups

of waves, In one group we huve included the clearly differentiated AB
branch (PKP3), and in the other -~ the DF and GH branches considered
together. We will use the convention of designating the aggregate of these
two groups of branches as the PKPy group.

In constructing the magnitude scale it is necessary to solve the following
problems:

1) proving the validity of the basic principle of construction of magnitude
scales -- parallelism of amplitude curves for earthquakes of different
encrgles;

2) cvaluating the relation between the given scale and known scales that
have been plotted with respect to other types of waves.

The time intervals in which the amplitudes of seismic waves were measured
were chosen in accordance with the plotted hodograph.

On the section up to 15,000 km the maxima of the PKP waves lie no further
than 10 s beyond the first entry. On the 15,000-16,000 km section where
waves of the GH branch can sometimes be seen in the first entries, to avoid
errors the interval of measurements was increased to 15 s after the first
entry regardless of which branch these entries belong to. Beyond the zone of
interference, the interval of measurements in the first group of waves

(the DF and GH branches) in bounded by the instant of entry of the PKP, (AB)
branch.

For the PKP branch, the time interval in which amplitude maxima is observed
is somewhat greater than for waves of the first group, and averages 20 s
after the first entry of the PKPp group.

Data processing was done separately for the two differentiated groups. The
A/T values were reduced to the level of m,=5.5, and were then averaged in
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hutdred-kilometer intervaly of epleentral distance. 'The resultaht curve

wan the bacis for a enlibration eurve in units of the U, 8. magnitude seale.
Yo check satisfretion of the basie prineiples of construetion of magnitude
seales, a comparison was made of the deviations of the reduced A/T values
from the averugye curve on the one hand, and the magnitudes of the eorre~
sponding shocks on the other hand, Such comparisons were made in different
ronges of eplcentral distances. No relation was observed between A/T devia-
tions and magnitude or epicentral distance.

‘The measurements were made onh selsmograme obtained oh standard channels.
The materials were processed in such n way that the level of the amplitude
curves corresponded to a magnitude evaluation of 5.5 in my scale units,

To reduce the calibration curves plotted from type PKP waves 1RMaccordanCe
with the m?ﬁ“ scule, an empirical curve relating the m, and mgv seales was
nsed (Fig. 15). Let us note that close to the value m,=5.5, sealing of

(e S  Fig. 15. Relation between the m, (United
States) and mp{™ (Comprehensive Seismological
Expedition) magnitude scales

the magnitudes to convert from one scale to the other takes place with
minimum errors since the formulas obtained by different authors eclose to
the value mp=5.5 yield practically identical results.

Besides, for earthquakes with normal focus depth we had magnitude estimates
in units of the My secale (about 50 cases). These estimates were also
converted according to known formulas (Antonova et al., 1968; "Magnitude
and Energy Classification of Earthquakes” 197k) to units of the Mp{M scale.

For some earthquakes, our station network simultaneously recorded waves of
the P and PKP types (about U0 cases). This enabled a direct comparison of
the A/T values for PKP waves with m magnitude estimates.

The differences in the calibration curve tie-in level found by the three
methods did not exceed 0.1 magnitude unit. Estimates _according to the
constructed magnitude scales that we will designate mﬁﬁH, and mﬁﬁyz coincide
on the average with the mﬂvM scale.

The accuracy of separate determination of magnitude by scales for PKP waves
is npproximatcly the same as for P waves. Increased regional variability
of mmenitude deviations is observed only close to the minimum of the cali-
bration funetion. This error can be eliminated by introducing regional
magnitude corrections. The calibration function is given in Tables 4 and 5
ntd on Fig. 16, where datn from reference sources are shown for comparison.

3%
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Fig. 16. cCalibration curves for PKP waves: l--according to data of the
Comprehensive Seismological Expedition; the upper branch corresponds to
the PKP) group, the lower =~ to PKPy; 2--according to data of I. V. Gor-
bunova and N. V. Shatornaya (1976); 3--according to data of S. Miyamura (197h)

TABLE b

Magnitude calibration curve for PKP) waves

4, tve o (7] 4, rve 1n L 4, e e L]
12,0 1.0 13,9 1.2 15,8 1.0
13,1 .0 14,0 1.2 15,0 0,%

.12,8 .0 14,4 .15 16,0 [ 5]
12,3 1.0 14,2 718 10,1 8,%
13,4 1.0 1,3 .18 16,2 6,60
12,8 1.0 (LX) 7,10 16,3 [ X.]
12 1.0 1"s 1,10 18,4 6,00
13,7 .1 "we .10 16,8 6,00
12,8 .13 14,7 1.10 16,6 [ X ]
12,9 1,3 14,8 ~ W0 16,7 N
13,0 o 14,0 1,18 16,8 6,%
13,4 1% 18,0 1.2 16,9 [ X']
13,2 1.6 15,1 1.2 1,0 1.0
13,3 1.0 18,2 1.8 17,4 .48
19,4 .58 15,3 1.5 1,2 7.3
13,8 1.4 15,4 1.8 1,3 7.3
13,6 .8 15,8 1.3 174 .6
13,7 1% 18,6 1.9 1”3 748
13,8 1.3 18,7 1,10 1.6 7.4

®A, thous. km
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TABLE 5

Calibration function Qy for PKPy wavesn

¥
A, rwt, 1t L[] 8, n:. - [IY] 8, h?t s %
16,8 (X ] 1.0 6,8 13 1,08
10,8 . i8] % 12,8 7,08
16, X3 1,2 X 12 7,06
10,8 (X)) 1,9 7.0 1,8 1,08
19 4,7 174 1,00 17,9 ()
18,0 1.8

*A, thous. km
Discussion of the Results

Investipation of the travel times and amplitudes of body waves, phase veloei-
ties of surface waves and free ogcillations of the earth has given an idea of
the luyered structure of the earth and enabled construction of a radially
inhomygeneous and spherically symmetric model. At the same time, many

known facts cannot be explained within the framework of a radially inhomo-
gencous model and require expansion of the class of models of the earth

that account for both radial and lateral inhomogeneity of the structure of
the earth,

Experimental investigation of the horizontal inhomogeneity of the earth
requires the development of detailed cross-sectional and areal seismologic
systems that in accordance with the degree of detail of the investigation
should be oriented toward some characteristic scale of inhomogeneity of
structure. To do this, it is necessary to establish a hierarchy of natural
scales of inhomogeneities of the structure of the earth's interior and the
relation between these scales and the scales of variations in parameters of
the wave field.

To detect and study the scale effects that determine the regional variability
of elements of the wave fleld, it is necessary to introduce a number of new
morphological characteristics of the field and to develop relatively simple
and effective techniques for data analysis.

In the first part of the monograph on the basis of experimental data about
the patterns of propupation of seismic waves in an inhomogeneous earth it is
shown how the major elements of the wave field are related to the nature of
distribution and the scale of variation of velocities of propagation of
sciumic waves and the absorbing properties of the medium.

‘The mnin procedural technique used to analyze regional variability of the
characteristics of body and surface waves is to separate the observed wave

riclds into two main components: the average field (background) and the
deviations from the average -- fluctuations. Simple and comparatively
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effective technlquen ure proposed for analyasing the statistical structure of
fluctuntions. Characteristle exnmples are given to show the actual possi=-
bilities of methods thut have been developed for studying the scale effects
in manifestation of inhomogeneities of the strueture in the pattern of flue-
tuations of wave fleld patterns.

1t is shown that to analyze the structure of fluctuations of the wave field
parameters, such statistical characteristies as funetions of ecoherence,
correlation and structure functions have great possibilities. A summary
curve for the correlation ratio as a function of epicentral distance in

the range of 10 km to 12,000 km is plotted from the duta for P wave pulse
shape correlation found in different parts of the world. Analysis of these
datn shows that by using a spatial correlation function in essentially
different peologicul-tectonic regions of the earth one can distinguish the
scales of fluctuations in parameters of the wave flield that are typical of
these reglons, and put them into correspondence with the seales of inhomo-
geneities of the medium.

Spatial structure functions are especially convenient for evaluating the
spatial scales of inhomopeneities in structure from the nature of fluctu-
ations in wave fleld patterns. They were calculated for fluctuations in

the travel time of the P wave for the LASA group and 20 USGS stations located
in the continental region, and also for a group of seismic stations in
California in the zone of transition from continent to-ocean, and for a
system of selsmic stations in other territories of the United States and
Canada. A spatial structure function of fluctuations in the logarithm of
the amplitude of a longitudinal wave is plotted from station data on the
territory of the United States. The resultant data are compared with the
structure function of thickness of the earth's crust in the territory of the
LASA group and with the system of velocity profiles of the crust and upper
mantle of six reglons of the United States and Canada. A direct relation

is established between the 'structure function of wave field elements and
horizontal inhomogeneities of the structure of the crust and mantle.

A structure function of fluctuations in the times of arrival of the PcP wave
is plotted for a system of world-wide seismic stations from data of regis-
tration of the LONG SHOT underground nuclear explosion. It is shown that

by using structure functlons, horizontal inhomogeneities can be traced to
great depths, including in the region of transition from the lower mantle

to the outer core.

It is also shown that use of the system of regionally differentiated curves
of Pn, g, P, Sn, §, Lg and R waves can appreciably extend the dynamic range
and the range of epicentral distances in solving the problem of estimating
the magnitudes of seismic sources.

- 39
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1L, REGIONAL PECULTARITIES OF SEISMIC WAVES AND STRUCTURE OF THE UPPER
MANTLE [N CENTRAL ASIA

The decond part of the monograph presents the results of years of research
done In the central part of the Aviatic continent. A major place is given
to Investipgation of the sntructure of the upper mantle in the Pamir-Baykal
regglon, where selsmologie profile observations were made in 1961-1963 (Lukk,
Nersesov, 1965; Nersesov, Rautian, 1964). In subsequent years, additional
dutu have been obtained that have enabled more detailed analysis of the
internal structure of the upper mantle within the limits of this region.

The territory of Central Asia between Pamir and Baykal includes a series of
tectonic structures that comprise the eastern branch of the Ural-Mongolian
geosynellnal folded region: ‘yan'~Shan', Kazakhstan, Mongolia, Altay and
Pribaykal'ye.

Ye. No Altukhov et al. (197h) feel that these relatively "widely aged folded
zones can be unified into three groups that have similarity of development
and structure.” 1In this connection it is hypothetically assumed that the
regiional structures can be systematized according to the types of the earth's
crust that made up the folded base of Archean age for the "primary and
regenerated geosynclines" that have developed since the lLower Proterozoic

and later. Fig. 17 gives a diagram of the major structural elements of the
eastern part of the Ural-Mongolian folded zone (Altukhov et al., 197h).

H
*

@'m'm‘m N 3¢ "El-'

Fig. 17. Major structural elements cf the eastern part of the Ural<Mongolian
zone (Altukhov et al., 197h): 1-.ancient platforms and massifs; 2-b-«

folded systems that bave developed on a crust of continental type (Kazakhstan-
‘'vun' than', Sayan-Baykal, Khingan-Gobi): 2--primary geosynclines: 3, l--’
reyenrcrated geosynclines (3--early Caledonian, b-.Hercynian): 5, 6--folded
wystem that has developed on a crust of transition type (MongolvAltay),
primary peosynclines; 5-.early Caledonian, 6--Hercynian: 7--folded system
thnt. hns developed on o crust of oceanic type (Zaysan Gobi, Hercynian):
H#--shenth of the West Siberian Plate; 9-..zones of fractures: a-.along
houndaries of folded systems: b--along boundaries of geosynclinal zones of
different ages. The double line shows the Pamir-Baykal profile.
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It i conpldered 2 charneterintic feature of the rolded systems that helong
to the flest proup. Including the Snyan-Bayknl, KnzskhatuneTyan' Shan' and
Khingun-tiobl syntemt, that the folded zonew of this group were formed on a
basement with a continental type of crust "with a thick granite-Gneiss layer
of Archean age." 'The primary geosynelinal systems of Proterozole-reefogenie
age comprise the framework of the Siberian and Chinese platforms and mainly
represent structures of the Sayan-Baykal folded system. The regenerated
geosynclines showed up mainly within the limits of the Kazakhstan-Tyan' Shan'
system: the Kokchetav-North Tyan' Shan' geosyncline of the Caledonian Era,
and the Zhungar-Balkhash and South Tyan' Shan' geosynclines of the Hercynian.

Belonging to the third type of folded systems that were formed on a basement
with oceanic type of crust (without a sialic layer) is the Zaysan-Gobi folded
region that "extends for more than 2000 km in a continuous strip 150 200 km
wide from Semipalatinsk on the west through the Zaysan-Ulengur cauldron,
along the southwestern slopes of Mongolian Altay, across Gobi Altay to the
lowlands of the Eastern Gobi."

Thus Ye. N. Altukhov et al. assume that during the evolution of the earth's
crust in the Ural-Mongolian zone, the Archean granite-metamorphic layer of
crust from the Lower Proterozole and later period was converted by successive
geosynclinal cycles to a new type of crust. The Baykal-Sayan and the
Kazakhstan-Tyan'Shan' folded systems with continental type of erust were
formed in the process of the primary geosynclinal cycle in the Proterozoic
and the regenerative cycle in the Caledonian and Hercynian epochs. A crust
of intermediate type was formed within the 1limits of the Mongolian-Altay
folded system in the Lower-Upper Paleozoic epoch. It is assumed that the
prowth of the crust took place from the edges of the system toward the center.
In the Ordovician-Silurian, as a consequence of disintegration and "stretching
of the crust nearly from the axial part of the Ural-Mongolian belt the
Zaysan-Gobi system arose with a crust ofoceanic type."

The given pattern of evolution of the crust of the Ural-Mongolian belt is to
a certain extent hypothetical. The extent to which such a treatment is
realistic may depend directly on the possibility of explaining a number of
facts discovered in recent years by geology, geophysics and geochemistry.

It seems that some of the assumptions stated by geologists on the basis of
reneralization of various data relative to the origin and tectonic structure

- of Lhe eastern part of the Ural-Mongolian folded region (Altukhov et al.,
197h; Zaytsev et al., 197h; Zonenshtayn, 1974, Shul'ts 1974) may be confirmed
to some extent by the results of seismologic studies presented in our
monograph.

Chapter 1. Spectral Characteristies of P, Pg and Lg Waves

Investigation of the structure of the upper mantle is based mainly on the
travel times of body waves, the phase velocities of surface waves, and on
duta about free oscillations of the earth. The use of dynamic characteristics
of seismic waves for these purposes opens up new possibilities (Azbel' et al.,
1966; Yanovskaya et al., 1964). Of greatest promise is the consideration of
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opeetral amplitude rurves (Volkov, Yanovakaya, 197h). However, so far this
question has not been gliven ndequate attenti{on. We know of only an extremely

- small number of papers ln which satisfactory datn would have been found on
the spectral amplitude curves of different phases of body and surface waves
{Malinovokaya, 19713 Archambeau et al., 1969). So much the more deserving
of interest are the data on amplitude curves of different frequencies found
by the Comprehensive Seismological Expedition as a result of more than a
decade of observations using the ChISS frequency-selective seismic stations
(Z2apol'skiy, 1971).

1. Amplitude curves of different frequencies

The Materials Processed. Recordings of earthquakes by a seven-channel

ChiSS station located in Talpar were used for experimental investigation

of the general structure of selsmic waves in the range of epicentral dis-
tances from 500 to 3500 km. For the sake of brevity, this distance range

is sometimes called the intermediate zone. The average frequencies f of the
registration channels of the station were 0.35, 0.7, 1.h, 2.8, 5.6, 11 and
22 Hz. Data of about 800 earthquakes were processed in all.

Information on earthquakes (time at the focus, coordinates, depth, magnitude
and class) were taken from the seismic bulletins of the USSR and the United
States, and also from data of regional networks (Baykal, Altay and North
Tyan' Shan'). Most of the earthquakes in the zone up to 1000 km have a
value of K from class 9 to 11, and in the zone beyond 1000 km, the magnitude
M is from b to 5.5.

The entire aggregate of epicenters of the earthquakes was divided into four
directions. In accordance with the location of the epicenters relative to
the Talgar station these directions were termed: Northeast, East, South
and West, designated from here on for brevity by NE, E, S and W. The epi-
central distances within each direction with varying detail covered the
range from 200-300 to 3000-3500 km. The distribution of the number of epi-
centers by directions is shown in Table 6.

x TABLE 6

Data on the number of earthquakes as a
function of distance interval and direction

A, km NE E S W

200-1000 59 153 60 —
1000-3000 108 127 130 132

The Northeast direction is formed by the epicenters of Zaysan, Altay, Sayan,
Pribaykal'ye and Trans-Baykal. The East -- by earthquakes of Dzhungaria,
Northwest China, Mongolia. Comprising the South direction are the epicenters

k2
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of Kushgaria, Pakistan, Nepal, Indla and the Bay of Bengal. 1In the West
direction are South Tyan' Shan', Pamir, the Tadzhik Depression, Kopet-Dag,
Tran and the Caucasus.

Measurement and Processing Methods., In each of the four directions, spectral
amplitude curves were plotted for the major wave groups reliadbly differ-
entiated in the intermediate zone: Pn, P, Pg, S and Lg. The hodograph
compiled by I. L. Nersesov and T. 0. Rautian (1964) was used in data analysis.
Maximum amplitudes were measured in intervals lasting 10-15 s for longi-
tudinal waves, and 15-20 8 for S and Lg waves.

Due to strong absorption, high frequencies eould not be followed throughout
the distance range. For instance the recordings on the seventh channel
(f=22 Hz) were made at distances up to 300 km, on the sixth (f=11 Hz) --
up to 500-700 km, on the fifth (f=5.6 Hz) -~ up to 800-1000 km. ‘The ampli-
tude curves for the four low-frequency channels could be followed throughout
the interval of investigated distances,

The single-station method was used in data processing. The amplitude curves
were plotted from recordings of many earthquakes with epicentral distances
covering the range of interest. Intensity estimates were known for all these
earthquakes -- either the energy class K (at distances up to 1000 km) from
observations of regional networks, or the magnitude M determined from surface
waves (at distances beyond 1000 km). It is important that these estimates

do not depend on the behavior of the body waves in the intermediate zone.

If we have an estimate of earthquake intensity Mj or Kj and we know how the
spectral amplitudes A(f) depend on M or K (Nurmagambetov et al., 1975), we
can normalize the measured amplitudes, reducing them to a fixed value of
Mg or Kg. It was such normalized amplitudes that were used to plot the
amplitude curves.

All measured spectral amplitudes were reduced to the reference class Kg =10
or to the reference magnitude Mg =5. Normalization was done by the formulas

Al Ko = Al Ki)- 400 01 (KmiD
or

AU M) = A(f, M) 100 th (MM,
Values of functions B(f) for average frequencies of a ChISS station obtained
experimentally (Nurmagambetov et al., 1975) are summarized in Table 7.
The function B(f) was taken as the same for different waves and regions.
The values of By and By are related by the formula

px - 0,5‘ ﬂ“.

implied by the energy relation between the M and K scales that is valid
within the limits of the dynamic range of the earthquakes used (Zapol'skiy
et al., 197L4).
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TABLE 7
Values of B(T) for channels of & ChISS station
FReD AN N N I B I
1R o '
B

Bu

KEY: l--Parameter
2-- f, Hz

Since the amplitudes were normalized to Ko =10 in the near zone (up to 1000
km) and to Mg =5 in the far zone, in comparing the amplitude curves summa-
rizing the data for the entire distance interval (from 200 to 3000 km), the
curves of the near zone were shifed by an amount proportional to Bk until
they coincided with the curve of the far zone on the section of coverage.

Bince B depends on frequency, this shift was different for different recording
channels.

Thus in plotting the spectral ampli%ude curves we used normalized values of
the maximum amplitudes of wave groups Pn, P, Pg, Sn, S and Lg.

Graphs for the dependence of maximum amplitudes on distance were plotted

from six frequency channels for each wave group. The experimental values
(from 60 to 250 points) were averaged, and a smoothed curve was drawn through
the centers of gravity of the individual distance intervals. The method is
described in detail in another work (Antonova et al., 1968). As a result,
families of spectral amplitude curves were obtained for each direction by
wave groups.

Shown on graphs plotted from recordings of the ChISS station at Talgar are
amplitude curves for approximately the same azimuths according to data of
wide-band instruments of the general type SK for six stations located in
Northern Tyan' Shan'. Graphs for the ratios of amplitudes of Pg and Pn waves
as a function of epicentral distance are plotted for each direction.

Let us go on to a detailed examination of the amplitude curves.

Spectral amﬁlitude curves of Pn and P waves for the four directions are shown
in Fig. 18. Characteristic peculiarities of all curves are: uniform drop

in the interval from 250 to 350-400 km, increase in intensity at about
350-400 km, and a second spike at 500-600 km that shows up more reliably in
all directions, and then a section of strong decline from 600 to 800-1000 km.
The structure of the amplitude curve of the Pn wave on the section up to

1000 km is the most unstable in comparison with all the wave groups con-
sidered. The amplitude curves are characterized by strong oscillations that

Ly
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Fig. 18. GSpectral amplitude curves of P and Pn Waves for Northeast (a),
East (b), South (c) and West (d) directions: 1~-average channel frequency
0.35 Hzy 2--0.7; 3--1.b; k--2.8; 5--5.6; 6--11 Hz; 7--from recordings of
wide-band SK equipment

arc difficult to distinguish with the methods used for the observations and
dnta processing. As an cxample, we give a version of possible approximation
of' cxperimental data for the spectral amplitudes of Pn waves for the South
direction (Fig. 19).
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Fig. 19. An example of possible approximation of experimental values of
the spectral amplitudes of a Pn wave on the 300-1000 km section for each
direction: channels are separated; see Fig. 18 for designation of curves

One can clearly distinguish three sharp spikes of intensity at 40O, 600 and
800-900 km, where the amplitude differentials reach one and a half orders of
magnitude. An example of another technique for averaging experimental data
is shown by the curves for the West direction (see Fig. 18d) that are plotted
with strong smoothing, resulting in revelation of the most "long-period"
component of the attenuation curve and total filtering of the "short-period"
(oscillating) component.

The given two versions of averaging show the inhomogeneity of structure of
of' the spectral amplitude curves in the near zone.

Let us continue the examination of curves for all directions (Fig. 18). The
frequency-selective nature of attenuation on the section up to 800 km shows
up weakly. The curves of the first four channels (frequencies from 0.35 to
3 Hiz) are nearly parallel, the attenuation curve of the fifth channel (5.5 Hz)
has a somewhat greater slope, and it is only the curve of the sixth channel
(11 Hz) that is appreciably steeper. The most pronounced differences in the
behavior of spectral curves of different frequencies are observed on the
800-1000 km section. At a distance of 600-800 km the amplitudes on the
fifth and sixth channels (5-10 Hz) are approximately equal to the amplitudes
on the first and second channels (0,35-0.7 Hz); at distances of 1300-1500 km
they become 20-30 times lower.

From n comparison of curves of different directions on the section up to
- 1000 km it is clear that as tliere is a change from NE to E, and then toward
, W and § there is a reduction in the slope of the curves and displacement of
: the position of extrema toward greater distances.
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On curves for directions NE and E near 1000 km, nscillation is ohserved with
a minimum at 800-850 km and a maximum at 950-1050 km. This feature shows
up very weskly on curves for directions S and W.

At dlstances greater than 1000-1500 km the general attenuation of amplitudes
decreases sharply, the curves flatten out, reaching a minimum at distances
of about 1500 km, which is clearly distinguished on curves of directions

NE, E and S. Apparently for the West direction the minimum is shifted towarad
2000-2200 km,

Further on a maximum is observed that is most pronounced on curves of direc-
tions NE and W, where its "amplitude" reaches 0.7-0.9 log unit. For directions
E and S, the "amplitude" of the spike is lower: 0.3-0.4 log unit. The
position of the maximum of the amplitude curve graduslly shifts from 1800 km
to 2400 km with a change from directions NE and E to S and W. This meximum
has a complex structure and can be resolved into two maxima located at
distances of about 2000 and 2500 km.

Unfortunately, it has been nearly impossible to determine the spectral
structure of this spike, i. e. to trace stable differences in the behavior
of different frequencies. The curves of frequencies from 0.35 to 2.8 Hz
behave about the same, and the higher frequencies disappear at distances
greater then 1500 km.

For a quantitative description of regional differences we introduce several
parameters that characterize the major features of “the amplitude curves:
limin. or limax. -- the position (in km) of the extrema of the curves;

nj -- the logarithmic steepness of the slope (negative exponent of the
approximating power function) within the limits of a certain distance
interval; 6; -~ the "amplitude" of the maximum of the curve (in log units);
and the characteristics of level -- the value of the ratio A/T (in um/s) at
a certain distance. We will determine the values of these parameters for
three frequency intervals: 0.35-0.7, 1.4-2.8 and 5.6-11 Hz, that we will
designate for brevity by the values of the average frequencies -- 0.5, 2 and
8 Hz. All values of the parameters for the amplitude curves of P and Pn waves
as well as Pg waves are summarized in Table 8. The unreliable determinations
of parameters are enclosed in parentheses.

The amplitude curves of Pg waves are shown in Fig. 20. These curves also

show a characteristic oscillatory structure; however it shows up much more
weakly than in Pn waves. Two sections of monotonic fall—off.in amplitude

are observed: the first from 250 to 350-500 km, and the second from 500-6C0
to 800-1000 km. These two sections are separated by an oscillation that

shows up clearly on curves of directions NE and E, and to a much lesser extent
on curves for S and W.

On curves for directions NE, E and S one can distinguish a minimum located
at distances of 340, 420 and 450 km respectively, and u maximum -- at dis-
tances of 400, 500 and 520 km. The average values of logarithmic steepness
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TABLE 8

Values of parnmeters of spectral amplitude curves of Pn, P waves and Pg waves
tor four directions of' propapgation and three nverage frequencies: 0.5, 2, 8 Hz
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Fig. 20. Spectral amplitude curves of Pg waves of the Northeast (a), East
(b), South (e¢) and West (d) directions; see Fig. 18 for designation of curves
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n1 nnd Ny of Lhege two seetions of the amplitude eurves are given in Table 8,
The Py waven damp out. very utrengly (approximntely as A"-A"g within the
Limits of the flrst section, nnd still more strongly within the 1imits of

the second section).  The extent of attenuation weakens with a transition from
dlrection NE to E and then from 8 to W. 'l'he spectrally selective nature of
attenuntion is weakly expressed, so that genernl dumping cannot be attributed
to the effect of ubsorption, A comparison of the Pg and Pn waves with

respect Lo level shows us that ut a distance of 300 km they differ by a
Factor of 5=15 on frequencles of about 1 Hz, and by a factor of 3-4 on
frequencies of 3-6 Hz,

From a comparison of the amplitude curves of Pg and Pn waves with respect

to shape, we see that the exponent of the approximating power function for

Py waves is about two unlts higher than for Pn waves. Particularly deserving
of attention I8 the coincidence of positions (with respect to the distance
nxls) of the extrema of the amplitude curves of both types of waves. For
Instunce thelr minima coineide and come at 340-420 km for the directions NE
and E respectively. Similarly coineident are the positions of the nexrt
maximum: ot 400-U50 and 500-520 km for the given directions. For con-
venlence in comparing the spectral amplitudes of Pg and Pn waves, graphs were
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Fig. 21. Amplitude ratio of Pg and Pn waves as a function of epicentral
distance for the Northeast (a), East (b), South (c) and West (d) directions:
the curve numbers correspond to the conventional designations in Fig. 18a
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plotted for the change with diotance in the ratio of thelr mmplitudes with
vespect to each direction (Fig., 21). These graphs also have an oselllatory
ptructure that to n considerable extent coples (with reverse sign) the oseil-
Intion of amplitude curves of Pn waves.

The graphs of the mmplitude ratio enable one to readily determine the limiting
dlstances to which the Pg group dominates on the recording, i. e. how much

it exceeds the Pn wave in amplitude. ‘They show the interval of tracking

of the Pg group in different frequency ranges. 'The values of these distances
are summarized in Table 9. It can be seen from this table that the interval
of tracking of the Pg wave decreamses with inereasing frequency == from 1000 km
for a frequency of 0,35-0.7 Hz to 4OO km for a frequency of 22 Hz.

TABLE @

Values of eplcentral distances (km)
at which amplitudes of Pn and Py waves are equal

\ @ ] Hacrors mantas, o

(1)

Hanphosane
poenpottpinenng

[ XY (R (K 1.0 [X) 11} ]

E o] - %0 900 %0 650 840 m
i t1% 1o %00 08 650 850 -
0 Wwo v &% 0 0 - -
3 1050 8% (1] % 810 - -
(7)Coume 100 00 B0 W0 &0 0 (W)
KEY: 1--Direction of propagation 5--8
2--Channel frequency, Hz 6--W
v 3-=NE T--Average
h--E

Another quantitative characteristic of these graphs is their logarithmic
steepness n) within the limits of certain distance intervals. The values

of this parameter with respect to each distance and for all frequencies are
summarized in Table 10. The differences in steepness of the ratio of ampli-
tudes of Pg and Pn waves with respect to directions are slight. But it can
be noted that the highest steepnesses are observed for the directions NE and
lony, distances in direction S, while the lowest steepness is shown by W.

Of importance in understanding the nature of the Pg wave is the way that
the slope of the graphs depends on frequency. Table 10 shows that the effect
of absorption is about the same for both types of waves.

Anplitude curves of S waves are shown in Fig. 22. The Sn and S waves are
the weakest among the groups of waves considered. 1In many instances it is
almost impossible to distinguish them on recordings. It should be noted

that the Sn waves in general are poorly observed over the entire territory
of the southeast USSR. Besides, additional difficulties are caused by the
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TABLE 10

Average valuen of the logarithmie steepness n of the ratios
of amplitudes of Pp and Pn waves
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Fig. 22. Spectral amplitude curves of S waves of East (a), South (b) and
West (c) directions; see Fig. 18a for designations of curves

use of recordings of the vertical component on which these waves show up
much more poorly than on the horizontal components. For cases where the
S wave does not have clear entries, and the recordings show only some increase
in amplitudes, measurements are made within a time segment differentiated
in accordance with the hodograph. The resultant amplitude curves of Sn
- waves are less reliable than the curves of other types of waves.

For East and South directions, the amplitude of the Sn waves of epicentral
distances up to 1000 km was not measured because of their very low intensity.
And for the Northeast direction it was impossible in general to distinguish

these waves within the limits of the entire investigated interval of epi-
central distances. The amplitude curve of this direction was not plotted.
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Let us take up the characteristie of mrpectral amplitude curves in more detail.

On thr section up to 1000 km necording to datn of rocordings by wide=band

K oTnsbruments Lhe genereal slope of bthe curvens for the three dlirections iu
approximately constant: they decline in inverse proportion to the cube of
the distance. A relative maximum can be distinguished in the interval of

h50-600 km, L. e, in the same region as for P waves. A second, less pro=-

nounced maximum can be seen at distances of 800-900 km.

At greater distances the decline of the curves decreases somewhat, and close
to 1500-2000 km o relative minimum is observed, followed by a maximum at
digtunces of 2200-2500 km. On the 1500-3000 km segment of the spectral
curves of the West direction the level is approximately 1.8-2 times as high
as in other directions.

One can Judge the spectrally selective nature of attenuation of S waves

at distances from 300 to 700 km only from curves of the West direction. 'heir
parallelism shows that the spectrum of S waves remains practically unchanged.
In the distance range from 1000 km to 2000-2500 km one can see an appreciable
frequency dependence of attenuation: damping incremses strongly with an
incrense in frequency.

Amplitude curves of Lg waves are shown in Fig. 23. They also have an oscil-
latory structure, though much less pronounced than for longitudinal waves.
Curves of the West direction are monotonie, and have no oscillations at
distances up to 1000 km. Several characteristic sections can be distinguished
on the amplitude curves.

The initlal section up to distances of 350, LOO and 550 km for directions NE,
E and S respectively is characterized by relatively weak damping, and the
logarithmic steepness nj shows little frequency dependence.

Within the 1limits of distances Al; of 400-800 km a spike appears on the
curves that is most strongly pronounced for the NE direction. With a tran-
sition to other directions the "amplitude" of the spike decreases, and the
interval Al} itself shifts toward greater distances: 350-450 km for NE,
400-550 km for E and 550-800 km for S.

On section Al the amplitude curves decline monotonically, being well
approximnted by a power-law function with exponent N, approximately equal

to 5-7. Section Al, occupies the distance intervals of 500-800, 600-1200,
800-1500 and 700-1500 km for the curves of directions NE, E, S and W respec-
tively. ‘The degree of damping nz gradually decreases with a transition from
the Northeast direction to the West.

In the distance interval from 800 to 1500-2000 km, the frequency selective
nature of attenuation shows up strongly. For the directions NE and E the
spectral curves of frequencies 0.35 and 2.8 Hz approximately coincide in level
at a distance of 500 km; at 1500 km they differ by 1.5-2 orders.
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Fig. 23. Spectral amplitude curves of Lg waves of Northeast (a), East (b),
South (c) and West (d) directions; see Fig. 18a for designations of curves

Section Al; terminates with the next oscillation of the amplitude curves,
wh}ch shows up most clearly for the NE direction. The position of the minimum
170 and the maximum 29X gradually shifts toward greater distances with an
increase in the azimuth of the direction into the epicentral region. The
"amplitude" of the oscillation also decreases at the same time.

For the South and West directions in the distance interval of 2000-2500 km
one can distinguish a relative increase of intensity -- I[8X, .

Table 11 gives the parameters of spectral amplitude curves of Lg waves.
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TABLE 11

Parameters of npectral amplitude curves of Lg waves for four directions
of propugatlon und three frequencies: 0.5, 2, 8 Hz

(1) Aﬁl tA=NE 5 0y ]
L0 N

lapsary v 0 2 ' 04 1 N o8 1 ' " ) '
" 200600 35 8 ‘ - 2 48 27 30 40 38 38 -
y 001000 4 88 80 635 63 S8 68 - a8 0y -
At ) 0 w0 00 20 4 %00 100 - {2 2 -
Alr 1500 0 0 - 100 0 - 2 2 - W 3 -
wa{3), = 80 0 = 1250 130 = 160 180 - - - -
Iy usae - 1O 180 =~ 150 600 =~ 200 2000 - - - -
1y uane( 1} - 1900 1900 - - - - 2500 2500 - - - -

Note: wunreliable data are shown in parentheses

KEY: le=Parameter 3==min
2--Distance, km l~—max

The general level of amplitudes of waves of the Lg group at distances of up
to 1000 km is approximately the same for all directions considered. An
exception is the West direction for which the amplitude level is 1.5-2

times lower. In the interval of 1500-2000 km the greatest intensity of Lg
waves i typical of the Northeast direction, while minimum intensity is
typical of the South direction, which is due to the sharp increase of ampli-
tudes within the limits of the northern border of the Tibetan plateau., This
effect will be examined in detail below.

Scattering of individual experimental values of A/T relative to the amplitude
curves depending on frequency, wave type and epicentral distance is shown
in Table 12. Frequency dependence of ¢ is not noted.

TABLE 12

Values of standard deviations o (log units) of individual measurements
of spectral amplitude curves as a function of frequency and type of wave

( 1 Dcparnenne ne scru ranau sean 2 Gcpaanenne no scow vecreren
( 3)[; [ . (h qu 0 A, sa
0,33 0,34 Pa 0,38
0,70 0,2 Pg 0,% ] 2001000
1,40 0,3 le 0,20
1,0 0.3 Panp 0,3
5,60 0,3 s 0,34 ] 10003000
11,00 0,33 Le . 0,33

Note: The overall average of the
standard deviation of an individual
measurement is 0.32.

KEY: l--Averaging with respect to wave types 3~-?. Hz
2--Averaging with respect to frequencies h--Wave

- 5k
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An examlnation of the dependence of ¢ on wave type and distance shows that
up to 1000 km the Lg wave hns the minimum seatter, and the Pn wave-~ the
maxtmum, Beyond 1000 km in the Northeast direction the Pn waves are more
gtable, while vcattering for the Lg wave group rises sharply: o increases
from 0.30 to 0.40; in the South direction the value of o for Lg waves is low.
This can apparently be attributed to the fact that the measurements here
properly apply not to the Lg wave, but to the "background of oscillations,"
vhich is formed as a result of repeated scattering of the longitudinal and
transverse waves that form the P=code and S=-code.

The code waves diffuse the energy of seismic oseillations and level out the
inhomogeneity of radiation that is associated both with large inhomogeneities
of structure and with the mechanism of the focus; therefore these waves

ure characterized by low scatter of individual measurements.

The direction dependence of ¢ shows up rather noticeably. For instance at
distances up to 1000 km o increases with a transition from the Northeast
direction to the South, and at distances beyond 1000 km ¢ increases with a
trangition from the South direction to the Northeast. This is apparently due
to the fact that distances of the order of 1000 km to the south of Talgar
correspond to exit of the seismic ray beyond the limits of the mountain
gystem of the Tibetan Himalayas, onto the Hindustan Platform, where the
structure of the crust and mantle is more uniform, whereas in directions
toward the east and northeast the seismic rays remain within the limits of
large mountain systems and the inhomogeneities of structure that are
agsoclated with them.

Apparently we can treat the quantity o as an estimate of convergence of
magnitudes with respect to corresponding waves if the amplitude curves that
we have plotted are used as calibration curves. An analysis of the spread of
the data leads us to the conclusion that in order to increase the accuracy

of magnitude determinations, a calibration curve should be used on distances
up to 1000 km that is plotted from Lg or Pg waves, and at distances beyond
1000 km -- from the P wave. An appreciable improvement in accuracy can be
realized both by using several types of waves and by simultaneous use of
recordings of several frequency selective channels.

Comparison of the Parameters of the Wave Pattern with Respect to Different
Directions.

Typieal of recordings of the Northeast direction are intense phases of Pg and
Lg waves with a clear entry and a steep leading edge; the Pn waves are the
weakest. The considerable differences in the amplitudes of the initial and
subsequent parts of the recording in weak earth tremors frequently leads to
loss of the true first entries. In such cases, the subsequent waves in the
Pn group or even in the Pg group are mistakenly taken as the first entries.
This happens most often at distances of 400 700 km.

On amplitude curves of three types of waves -- Pn, Pg and Lg -- the intensity
spike at & distance of 350-L50 km is most pronounced in comparison with other
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directions, und in the 500-1000 km interval these waves demp out more
tlrongly than in other directions,

Within the distance {nterval of 800-1300 km the longitudinal wave group ls
extremely insipgnificant, the amplitudes are very low, 2-b times lower than
in other directlons. The greatest spike of P wave amplitudes is noted at
u distuance of about 2000 km. The entries of all waves (in the interval up
to 1000 km) show the highest frequencies in their spectral makeup in com-
parison with other directions.

Showing up most poorly in this direction are S waves, which could be dis-
tinguished only in rare instances at distances beyond 1500 km.

The amplitude curvey of the East direction have much in common with the
curves for the Northeast. The first spike on the Pn, Pg and Lg curves was
shifted here to 400-550 km, and its "amplitude" was noticeably decreased.
Curves of these three types of waves are much more wekaly damped. At dis-
tances of 800-1300 km the Pn group is more compact, the maximum amplitude
usually gravitating toward the initial part of the group. In general the
amplitudes of the main groups of waves at these distances (in the shadow
zone) nre noticeably higher than on recordings of the NE direction. The
20-degree spike (distance about 2000 km) is almost unexpressed for this
direction.

All waves are somewhat lower-frequency with respect to their spectral compo-
sition at distances up to 1000 km. On some recordings of this direction

the phuses of Sn and S waves could be distinguished. The amplitude curves
of 1g waves have a maximum at 1600 km, after which their intensity decreases
sharply.

The South direction is characterized by clear entries of waves of the P group
within the limits of the entire tracking interval, by low intensity of the
high-frequency components (above 2.8 Hz) in the spectra of the major wave
types, and a pronounced 20-degree spike for longitudinal waves.

Wegt direction: the longitudinal waves are most intense; transverse waves
can be distinguished that become stable at distances of more than 1500 km.
The Ly wave group shows up here most poorly: there are no clear entries,

the amplitude is 3-h times lower than for the NE and E directions.

The amplitudes of the main groups of waves on the average damp out more
weakly than in other directions.

The lowest-frequency are the Pg and Lg waves.
Chiaracteristic Features of Amplitude Curves of Main Wave Groups.

The parameters of the spectral amplitude curves for different directions of
propagation are summarized in tables 8, 9, 10 and 11.
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1. The spectral amplitude curves of Pn, Pg, S and lLg waves have an oscil-
latory structure that is most vtrongly pronounced in the Pn group, and
more weakly pronounced in the Lg group. 'The positions of the principal
extrema on the dintance axis approximately coineide for all wave groups.
One can distinguish several sections of comparatively monotonic change in
amplitudes separated by maxima and minima.

2. The first section of the curve is from 200-250 to 350-500 km. Damping of
amplitudes is moderate. 1Tn the distance interval of 350-450 km a minimum
shows up that is replaced by a maximum at 450-550 km. The amplitudes of the
various frequencies within the limits of this section damp out practically
identically. Apparently the osclillatory structure of the Pn waves on this
section is more complicated, and spikes occur at 350, 500 and 600 km.

3. The second section of the curve is from 500 to 800-1000 km for longi-
tudinal waves, and up to 1200-1500 km for Lg waves (South and West directions).
Within the 1imits of this section, waves of all types experience the strongest
damping, and its frequency selective nature shows up here most clearly.

b, The Pg wave is 5-15 times more intense than the Pn wave on frequencies of
0.3-2 Hz and at distances of 300-400 km. With increasing distance this

ratio decreases noticeably, approximately as A~2. Pg waves predominate in
the group of longitudinal waves up to distances of 800-1000 km on frequencies
of 0.3-2 Hz and up to distances of 500-700 km on frequencies of 3-10 Hz.

5. The Lg wave is predominant on recordings up to 1500-2000 km (and further
for lower frequencies). For the Northeast direction in the distance interval
of 800-2000 kmon frequencies of 0.35-0.7 Hz the Lg wave is 8-15 times as
intense as longitudinal waves. This ratio decreases with increasing
frequency and with a change to other dierctions.

6. Major features of amplitude curves in the interval from 700 to 1600 km:
oscillation with minimum at T00-900 km and maximum at 900 1100 km is typical
of the amplitude curves of Pn waves and to a lesser extent of Lg waves; a
minimum can be seen at about 1400-1600 km, after which the attenuation of
amplitudes (particularly for longitudinal waves) abates noticeably -~ the
curves flatten out, and frequency differences in damping decrease.

T. At distances of about 2000 and 2500 km, intense maxima are noted on the
amplitude curves, most clearly for longitudinal waves, and weakly pronounced
for Lg waves.

2. Spectra of principal waves

This section gives experimental data on the shape of the spectra of the
principal waves -- Pn, Pg, S, Lg -- and their variation with distance as

a function of the azimuth of the direction of propagation. Regional dif- }
ferences of the spectra are demonstrated that arise both during the formation
of seismic waves and during propagation. The distances are determined for
the most considerable changes in spectra.
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Fig. 24. Change with distance in the spectral shape of Pn and P waves
(falgar station) for the Northeast (a), East (b), South (¢) and West (d)
directions
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Fig. 25. Change with distance in the spectral shape of 8 waves (Talgar
station) for the East (a), South (b) and West directions
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Fig. 26. Change with distance in the spectral shape of Lg vaves (Talgar
station) for the Northeast (a), East (b), South (c) and West (d) directions
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Fig. 28. Comparison of spectral shape (Talgar station) of Pn (a), Pg (b)
and Lg (¢) waves for the Northeast (1), East (2), South (3) and West (k)
directions at an apicentral distance of 300 km

The amplitude curves given in the preceding section constitute the basis for
consideration of the spectral characteristics of the waves. Here we will
study the "cross sections" of the amplitude curves that enable comparison

of the spectral shape of the principal waves without reference to their level.

Fig. 24, 25, 26 show families of spectra of Pn, S and Lg waves for certain
values of epicentral distances from 350 to 2500 km and various directions of
propagation of waves relative to Talgar station. The experimental materials
used are described in section 1 of this chapter. The spectra are normalized
to M=5, and their level is arbitrary.

Fig. 27 shows similar families of spectra for Pn and Lg waves plotted from
data of Temporary station for two azimuthal directions, the first coinciding
approximately with Norhteast and East, and the second -- with West as taken
for Talgar station.
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The spectra of Pn waves are shown on Fig. 2U. Thelr shape is influenced by
two maln factors: systematlic differences in the shape of earthquake spectra
with different directiont, which show up on the initial tracking stage:
difterence In the nature of varintion of the upectra with distance for the
dlrections of propagution considered.

First let us consider the differences ussociated with the azimuths of direc-
tlons thut are illustrated by the selections of Ch1SS spectra given in

I"lg. 28. lere we compare the spectra of Pn, Pg and Lg waves of four azi-
muthal directions at a fixed distance of 300 km. We can see that the spectra
of directions NE and E are considerably higher in frequency than the S and

W spectra. This also shows up in the position of the maximum of the spectra
(which 1s at a frequency of 2.8 Hz for two directions and at 1.4 Hz for the
other two) and in the steepness of its slopes. For instance the ratio of the
amplitude on a frequency of 2.8 Hz to that on 0.7 Hz for the first two
directions is equal to approximately three, while these amplitudes are equal

for the second palr of azimuths.
TABLE 13

Parameters of the spectra of principal waves in different directions
for distances of 350 and 800 km

=Nk o=F, =g =\

E " » %00 80 [ » 00

Imax 28 2,8 2,8 23,8 14 14 14 1.4
70.35/0.7) —0,04 —0,02 ~—0,10 —0,47 —0,0 —0,20 —0,06 0
Pr 307280 —0% —018 —0;% —0,% 007 0,5 0 0,40
7(1.4/5.8) —0,00 004 0,00 0,45 045 — 080 1,10
Iman 2,8 2,8 2,8 (R X 14 14 1.4

pg TO.B0 010 041 —0,186 —0,14 —028 —020 0 . 0
¥(0,7/2,8) —0,58 —0,10 —0,49 —0,14 —0,10 0,07 0,43 0,45
7(1,4/5,8) 0 0% 02 05 o044 097 087 1,3
Imax 14 033 14 07 07 <0, <03 <0,35
Lg T0.350.3) o 047 0,07 042 047 0,43 023 023
70.7/28 —o40 060 033 040 065 00 062 0,77
A4/58 047 445 065 1,07 1,40 - -

KEY: 1--Type of wave
2-~Parameter

Data on the parameters of spectra of different directions for two distances
(350 und 800 km) are summarized in Table 13. The parameters shown are

Fmax == the position of the maximum of the ChISS spectrum, and y(fj/fj)-- the
logarithm of the ratio of amplitudes on two frequencies.

Fiyg. 2h and 28 and Table 13 imply that the spectra of Pn waves in directions
NE and E differ from each other insignificantly. The same can be said about
the spectra of the other two directions: S and W. The differences in the

parumeter y within each pair do not exceed 0.2 log unit, whereas between
pairs these differences amount to 0.5-0.6 log unit on the ‘average.
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Let un exumlne Lhe oLher pecullarity of the nipeetra. Tor all types of waves
the amplitude of the 0.35 Hz frequency is anomalously high on near distances
for NE and E. The spectra of Pn waves show how the noted low-frequency slope
is interrupted by a rise in amplitude on the 0.7-3.5 Hz section, even though
under conditions of absence of the effect of absorption one should expect

_ constant steepness of the low-frequency slope.

Turning to the nature of the change in spectra with distance, we see that
the strongest damping of high frequencies occurs in the 800-1500 km distance
interval. The spectral shape changes insignificantly both preceding and
following this section.

The most graphic representation of this pattern is given by graphs of the
change in spectral ratios with distance (Fig. 29). Let us note that oscil-
lations of graphs of y(A) are confined to the same intervals of epicentral
distances where oscillations were noted in the amplitude curves described
in detail in the preceding section.

>
“, Fig. 29. Graph of the change with

23 distance in the spectral ratios ¥y
(Ch1SS Temporary station) of fre-

7 quencies 0.47 and 0.9 Hz (1) and

25 frequencies 0.9 and 0.25 Hz (2) for

| 71 Lg (a) and P (b) waves

ol ] . >
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Fig. 30. . Ratio of spectral
amplitudes of Pg and Pn waves
for epicentral distances of
300 (a), 500 (b) and 800 (c)
km for the Northeast (1),
East (2), South (3) and
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The spectra of Pg waves differ considerably from those of Pn waves in their
relative low-frequency nature. Typical spectra of Pg waves can be seen in
Fig. 28b, where they are shown for a distance of 300 km with respect to all
four directions. The spectra of the Pg waves steadily repeat the amplitude
differences that we found previously for Pn waves.

A more objective idea is given by the ratios of spectral amplitudes of these
two waves (Fig. 30); the graphs are plotted for three values of the epicentral

61

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

-



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFIC1AL USE ONLY

distance (300, 500 and 800 km) and four directions of propagation. 'The
valuey of the ratios were calculuted from direct meuasurements of the
wnplitudes of thene waves rather than with reapect to amplitude curves or
npectra.

Let us consider the praph for 300 km in more detall (see Fig. 28b). At this
distunce one beging to track the Pg wave. From recordings of the Talgar !
station thin wave is distingulshed from distances of 250-280 km. By 300 km
the Pg wave is usually delayed relative to the first entry by no more than
& 8. It con be assumed that at this distance the conditions of propagation
have not yet had any appreciable influence on the spectrum of the Pg wave.

Detolled studies of the spectra of local earthquakes undertaken by us

previously on materials of the Talgar ChISS station showed that the spectrum '
of Lhe Pn wave inherits the spectral peculiarities of the direct P wave

propaguting in the earth's crust. This gives us a basis for assuming that

the difference spectra shown in Fig. 30a can be interpreted as the frequency
regponse of the mechanism of formation of the Pg wave.

The amplitude differences of this response are quite considerable. For
instance the greatest relative intensity of the Pg wave is noted for earth-
quukes of the Northeast and West directions for which the ratio of amplitudes
of Pg to Pn is equal to 10-15 on a frequency lower than 1 Hz. The ratio of
these waves begins to decrecase from a frequency of 1.4 Hz in the NE direction,
and from 0.7 Hz in the West, and is inversely proportional to frequency with
exponent 0.7-0.8,

For directions S and E the frequency dependence is much less pronounced.

[n the frequency range of 0.3-3 Hz the wave ratio is approximately constant
and equal to U-6. For higher frequencies the ratio decreases weakly: in
inverse proportion to frequency to a power of 0.3-0.L.

With increasing distance the azimuthal differences damp out, and at 800 km
(Fig. 30c) they become insignificant.

The spectra of S waves are shown on Fig. 25 for three directions of propa-
#ation. Of all the investigated types of waves, the data on transverse
waves are the least reliable and representative. Therefore let us deal with
them briefly.

Just as for longitudinal waves, the highest-frequency spectra are those of
the East direction. The spectra of the West and South directions are
uppreciably lower-frequency ones. For directions E, S and W the ratio of
amplitudes of the frequencies 0.7 and 2.8 Hz at 4 distance of 1000 km is
0.22, 0.70 and 0.68 log unit respectively. By a distance of 1500-2000 km
the differences in spectra of different directions abate.

For the spectra of transverse waves of the East direction the effect of the
increase in amplitude on a frequency of 0.35 Hz is observed to a still
preater extent than for longitudinal waves.
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The gpectra of © waveu show a more stable change with dlstance than longl-
tudinal waves, An appreciable change in the spectra takes place in a more
extended interval: from 800-1000 to 2000-2500 km., The prinecipal oscil-
lations are confined to 2000 and 2500 km.

The spectra of Lg waves as a function of distance are shown in Fig. 26 and 27
for the Talgar and Temporary stations.

The amplitude di fferences of the spectra of Lg waves that show up at short
distances repeat the peculiarities of the spectra of longitudinal waves.

he spectra of the NE direction are the highest-frequency. With an increase
in azimuth one notes a considerable increase in low-frequency components of
the spectrum. For i{nstance Table 13 shows that the maximum differences in
the ratio of amplitudes of frequencies of 0.7 and 2.8 Hz reach 0.7-0.8 log u,
The maximum of the spectrum of directions NE and E is at a frequency of

L.4 iz, and for the West direction -- at frequencies lower than 0.35 Hz.
These estimates apply to epicentral distunces of 350 km.

Anomalously high amplitudes of the 0.35 Hz frequency can be seen on the
spectra at short distances for all directions except the South.

g

Now let us examine the change with distance in the spectrum of Lg waves.
Fig. 29 shows a graph of the distance dependence of spectral ratios as

plotted from data of the Temporary ChISS station. The plot of the graph
repeats the main peculiarities noted previously for other types of wuves.

R

e

In the interval from 200-250 to 500-700 km the spectrum of Lg waves changes -
more weskly than at greater distances. The strongest changes take place -
on the section between 600-800 and 1300-1400 km. At distances of 1300-1700 km -
the oscillation shows up clearly, after which the regular change in spectral

shape with distance abates noticeably.

In conclusion let us repeat the main peculiarities of spectra of different
waves and their change with distance.

In comparing the spectra of different azimuths of propagation for all waves,
one trend shows up: the spectra become lower-frequency as the azimuth
increases, i. e. with a transition from the NE direction to S. For Pg and
Ly, waves these differcnces show up even on the initial tracking stage, and
consequently they are due to a greater extent to the mechanism of formation
than to the conditions of propagation.

The patterns of change in spectra with distance are most graphically described
by curves for the dependence of spectral ratios on distance. These graphs
show several distance intervals within which the changes in spectral shape

of all waves are approximately uniform. 1In the initial part (from 200-300

to 500-T00 km) spectral changes are insignificant. In the next distance
interval (from $00-800 to 1300-1700 km) the strongest change in spectra

oceurs with principal damping on higher frequencies. Between 1300 and 2000 km
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an interval of the opposite chunge in spectra can be distinguished, 1. e. r
stronper damping of' lower frequencies. This shows up as oscillation on

iraphs of the distunce dependence of spectral ratios. The next oseillation,

with u lower "amplitude," is noted at distances of 2000-2500 km.

AL distances greater than 1500-2000 km there ig practically no systematic
component in the change with distance in the gpectra of longitudinel waves
for frequencies lower than 3 Hz., At these distances the spectral shape of
P waves on the average ts the same as in the teleseismic zone. The spectra
of § waves and especially Lg waves continue to change, but noticeably more
wenkly than at shorter distances.

At distances up to 800-1000 km the amplitudes on a frequency of 0.35 Hz are
anomalously high for the spectra of all types of waves (especially S and Lg
waves). 'This effect is characteristic to & greater extent of recordings in
the NE and E directions.

The spectra of P and Lg waves at Temporary station are appreciably higher-

frequency spectra than on Talgar station. However, the general patterns of
change in the spectra with distance and the distance intervals with charac-
teristic changes of spectra for both stations are the same.

Chapter 2. Differentiation of Large Horizontal Inhomogeneities with Respect
to the Characteristics of P, Lg and Rg Waves

In this chapter an investigation is made of the spatial structure of the
azimuthal differences of amplitude curves and the spectra of seismic waves
described in the preceding chapter. It is shown that these differences are
formed chiefly on certain sections of the paths of propagation of seismic
rays when they cross certain geologicsl boundaries or structures.

The principal form of representation of experimental data is by spatial
constructions: comparison of amplitude and spectral characteristics on
different paths, mapping of these characteristics, localization of sections
of abrupt changes in the kinematic and dynamic parameters of seismic waves.

In section 1 an investigation is made of the spatial distribution of the
spectral characteristics of longitudinal waves from remote earthquakes.

Tt is shown that regional differences in the value of this parameter are
stotistically significant. A deseription is given of the spectral charac-
Leristics of P waves as distributed for earthquakes of the major seismically
active zones of the earth, and in more detail for Central Asia. The region
of the most minimal values of spectral parameters is confined to the Tibetan
massif, and a region of somewhat higher values -- to the Persian Platesu.
They are interpreted as regions of elevated absorption of seismic waves in
the upper mantle.

Lg and Rg interference waves are registered only in the case where the entire
path of the seismic ray traverses a crust of continental type. Consequently

?
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by comparing the intensity of these waves on different propagation routes
one can localize the blocks in which there is no "granite" layer, or other
appreciable changen are noted in the structure of the earth's crust.

In vections 2 and 3, an investigation is made of the peculiarities of propa-
gation of these waves on different paths that cross Central Asia and the
adjoining territorles. From observations of the system of stations, the

_ boundaries are localized at which a change in the intensity of Lg waves
occurs. These waves disappear completely in those cases where the paths of
the seismic rays even partly intersect the Tibetan massif. On the boundaries
of this massif, sharp changes are also noted in the parameters of a train of
Rg surface waves.

1. Mapping of spectral characteristics of P waves

In this section an anelysis is made of the resulte of mapping of the spectral
characteristics of individual earthquakes done with respect to observations
in the intermediate and teleseismic zones. The regional differences found

in the spectral characteristics of P waves are interpreted as a manifestation
of horizontal inhomogeneities of the absorbing properties of the upper mantle
in the vicinity of the focus.

Spectral Characteristics of Remote Earthquakes and Absorbing Properties of
the Upper Mantle. The experimental data presented below and the results
obtained by other authors (Tsujiura, 1969) show the stability of regional
differences in the spectral composition of longitudinal waves according to
cbservations at remote stations. The spatial degree of ordering of the
spectral differences can be attributed either to the particulars of focal
radiation or to horizontal inhomogeneities of absorbing properties of the
medium along the paths of the seismic rays.

We assume that the particulars of the focus, which are definitely important
in formation of the spectral composition of an individual earthquake, may not
be predominant in a set of earthquakes over an extensive territory. Experi-
ence in studying the spectral particulars of focal radiation of local earth
tremors of a number of regions (Molnar et al., 1976; Hanks, Wyss, 1972:
Thatcher, Hanks, 1973; Tucker, Brune, 1973) has shown that within the limits
of each region there is a considerable variety of spectral characteristics,
primarily of the angular frequencies, that is due to the difference in the
mechanisms of foci and to variations in the stress field. Spatial ordering
of spectral parameters is noted only for quite small epicentral zones.

For extensive global seismically active regions, no systematic deviations of
the spectral composition are noted in observations at small distances.
Therefore we assume that the spectral differences observed in the teleseismic
zone are formed mainly on the path of the seismic ray.

It has been established that the greatest distortions are introduced into the
signal speclrum when a seismic ray crosses the low-Q layer associated with the

65

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFLCTAL USE ONLY

msthenosphere. Many researchers hnve detecled considerable regional dif-
ferences in the absorbing properties of this layer. Apparently it is the
mosaic nature of the absorbing properties of the upper mantle that determines
the great varliely of steepness of the high-frequency slope of the spectra

of remote earthquakes.

The presence of the asthenospheric layer has an effect both in the region of
the epicenter and in the viclnity of the station. For a tectonically homo-
geneous region, the influence of the nsthenospherie layer in the vicinity

ol the exit of the rays can be taken as ldentical in registration of earth-
quakes at a single station from different azimuths. Use of a system of ob-
servations from severul stations almost completely eliminates this influence.

Thus we assume that the observed differences in the high-frequency slope of
the spectra of remote earthquakes reflect mainly horizontal inhomogeneity
of the absorbing properties of the upper mantle in the vicinity of the focus
(with consideration of drift of the seismic ray). Spatial mapping of the
peculiarities of the high-frequency part of the spectrum (with reference of
these peculiarities to the eplcenter) will reveal the regional differences
of' nbsorbing properties of the upper mantle in seismically active regions.

The Materials and Technique Used. About & thousand recordings of earthquakes
of the territory of Central Asia and adjacent territories, recorded at ChISS
stations (Garm, Talgar and Temporary) were processed. Besides, about 700
recordings of earthquakes from different epicentral regions of the earth
were processed at these same stations. The magnitudes of the earthquakes
were from 4.5 to 5.5.

The spectral ratio of amplitudes for channels with average frequencies of
2.5 and 0.7 Hz or 2.5 and 0.35 Hz was determined from the seismograms. The
value of this parameter calculated from each recording was mapped, i. e. it
was assigned to the epicenter of an earthquake. Maps were then constructed
for an intermediate smoothing stage in which the averasge values of the
parameter were calculated for a group of 5-10 closely spaced earthquakes.
On the next smoothing stage the values of the parameters (the averages for
large regions) were calculated, or maps of isolines of the parameter y were
constructed.

Zoning of the Earth by Spectral Peculiarities of Remote Earthquakes. On the
first stage to determine the stability and scale of regional differences of
Lhe spectral composition of P waves an examination was made of the materials
of the teleseismic zone, where the conditions of observations are more
tavorable for detecting the investigated effect than in the intermediate zone.

As is known (Antonova et al., 1968; Carpenter et al., 1967) in the teleseismic
zone the distance factor can be disregarded, the seismic signal is simple in

shape, and consequently the measurements of the maximum amplitudes are more
unambiguous.
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The experimental datn on remote earthquakes that were used were obtained at

Temporary station. Materials of the Oarm and Talgar stations were utilized
only In part,

More than 700 recordings of remote earthquakes from all major seismically
active zones of the earth were processed. The logarithm of the amplitude
ratio on frequencies of 2.5 and 0.5 Hz was taken as the characteristic of
the spectrum.

The average values of this parameter for thirty epicentral territories are
shown on the map in Fig. 31. It can be seen that the spectrum does not
depend on epicentral distance. Earthquakes in relatively near regions --
Tivet, Iran, the Tyan' Shan'-Pamir chain -- are comparatively low-frequency.
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Fig. 31. Map of the spectral ratio v(2.5 Hz/0.5 Hz) for the major seismically
active zones of the earth (from data of the Temporary ChISS station)

In examining the map, we can see certain patterns in the spatial distribution
of values of the parameter. All seismically active zones of the earth were
classified into four groups differing in the parameter y by 0.20-0.25 (i. e.
by 50-80%).

The first, highest-frequency group, included earthquakes of the Aleutians,
the Kuril-Kamchatka arc and Japan. The average value of the parameter y for
these territories is 0.16 log unit.
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The earthquakes of Soviet Middle Asia and the part of Central Asia situated
Lo the north of Tibet are also high=frequency. Here the average value of the
parameter is 0,20, But these reglons are located rather close to the
recording station (distance 1000-2000 km), which may explain the high-
frequency nature of the earthquakes.

The earthquakes of Indonesia and the Philippines, for which the average
parameter is 0.33, make up the next group.

5till lower-frequency are the recordings of earthquakes of the Alpine belt ~-
the Mediterranean, Turkey, the Caucasus and Tran -- where the parameter
uverages 0.55. About the same values of the parameter are typical of earth-
quukes of South America and the continuation of the Indonesian belt to the
east -~ New Guinea, the Solomon Islands, the Fiji territory.

The lowest-frequency group is comprised by earthquakes of Tibet (y=-0.70),
North and Central America (y=-0.72), South and East Africa (y=-0.82),

The differences of the parameter between adjacent groups are significant
since there were from 20 to 100 earthquakes in each regional sample, the
average value of the standard deviation of an individual measurement within
a sample being 0.25 log unit.

Analogous zoning, but with respect to a smaller number of epicentral regions,
was also done from recordings of remote earthquakes at Garm and Talgar
stations. Joint examination of the materials of the three stations showed

a systematic influence, common to all zones, introduced into the spectrum

by station conditions. In comparison with the Germ station, the spectra of
the Temporary station were on the average more high-frequency, while those
of Talgar station were more low-frequency.

The relative spectral differences of the epicentral regions were retained
with respect to the recordings of the three stations as well. For instance
the highest-frequency spectra were those of Northern Jepan, the Aleutians and
Indonesia. The spectra of the Mediterranean, South America and New Guinea
occupy an intermediate position. The spectra of North America, Tibet, the
Arabian Peninsula and South Africa are definitely low-frequency.

Of course one should not overestimate the generality of these data. The
stations that were used are situated comparatively close together (average
distance about 1000 km). It is possible that observations on completely
different azimuths of propagation of rays, especially for seismically active
zones, that extend along oceanic archipelagoes, will show other tendencies.

The spatial structure of the spectral parameter was studied in more detail

for the northern and northwestern part of the Pacific arc of seismicity.

The results of mapping of this region with respect to the parameter y on the
intermediate averaging stage are shown in Fig. 32. Here the average value of
the parameter is shown for each group of epicenters made up of 3-6 earthquakes.
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Fig. 32. Map of values of the spectral ratio v(2.5 Hz/0.9 Hz) for the
northern and northwestern parts of the Pacific Ocean seismically active
belt (from data of the Temporary ChISS station)

KEY: 1--Sea of Japan 3--Pacific Ocean
2--Sen of Okhotsk U--Aleutian Islands

On this map, one can clearly see the pattern of spatial distribution of the
parameter y. For instance for the Aleutian arc as one advances from east

to west, the values of the parameter first increase from -0.7 to +0.15, i. e.
the spectra become higher-frequency, and then they become lower-frequency
once more, the parameter decreasing to -0.25.

For the Kurlil-Kamchatka arc one notes a tencency for the parameter to in-
crease with movement from the northeast to the southwest from -0.4 to +0.25.
For Northern and Central Japan the patterns show up more weakly. Nevertheless
two tendencies can be noted: concentration of high-frequency foci near the
island of Hokkaido and iatensification of the high-frequency character of
earthquake spectra in the direction perpendicular to the axis of the trend

of seismicity -- from a deep-water trench toward the continent.

To evaluate the statistical significance, we present the following data.

The total number of epicenters with respect to which the values of the
parameter were determined for the invastigated part of the Pacific Ocean

arc was 247, the average value of the parameter for the entire region was
~0.17 log unit, the standard deviation of an individual measurement with
respect to 1he entire region of investigation was -0.27 log unit, the standard
deviation of an individual measurement within each group was -0.16 log unit.
The difference of average values of the parameter for groups of earthquakes
appreciably exceeds the standard deviation of an individual value.

The statistical significance of the results is also confirmed by the pattern
of change in the value of the parameter y along the Pacific Ocean arc.

Mapping of Spectral Parameters for the Central Part of the Asiatic Continent.

Observations within the limits of this territory covered an interval of
epicentral distances from 1000 to 4000 km. Here, in contrast to the
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teleseiamic zone, the influence of distance on the spectra of earthquakes
becomes appreciable and the results of mapping should in principle reflect
the patterns of change in the spectra for different directions. Such
mapping will enuble detection of regional differences in the values of the
parameter y not with respect to directions that are selected a priori, but
wlll reveal thelr spatial structure.

'The strong dependence of the spectra on distance impedes quantitative com-
parisons and estimates, meking them possible only for regions that are
located at different distances from the station. However, the actual situ-
ation is more favorable for quantitative comparisons of spectral parameters
of different regions, since the spectra of longitudinal waves at distances
greater than 1500 km change insignificantly, at least on frequencies lower
than 2500 Hz. Most experimental data used in this division apply to distances
in excess of 1500 km, while estimates of the steepness of the spectrum apply
to frequencies lower than 2.5 Hz. All this has enabled us to apply to the
intermediate zone as well the method of mapping spectral parameters already
used above in the processing of observations in the teleseismic zone.

Estimates of the spectra of the same epicentral regions from data of different
stations diverge more strongly in the intermediate zone than in the tele-
seismic zone, and it is difficult to make a quantitative comparison of maps
plotted for the three stations. Nevertheless, even for these distances the
results of the studies show coincidence of the position of regions of

reduced and elevated values of the paraemter with respect to all three
stations.

Fig. 33. Maps of isolines of values of the spectral ratio y(2.5 Hz/0.5 Hz)
for the central part of the Asiatic continent (from data of the ChISS stations
of Temporary (a) and Garm (b))

Shown in Fig. 33 are maps of isolines of the spectral ratio y for the central
- part of the Asiatic continent plotted from data of the Temporary and Garm
stations. The region of minimum values of the parameter is confined to the
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Tibetan plateau. According to the Carm data it is situated between 85-100°
E long and 30-36° N lat, and according to data of Temporary station ==
between 81-97° E long and 29-35° N lat. According to the data of Talgar
statlon, the region of minimum values is less pronounced, and is situated
between 84-100° E long and 29-35° N lat.

If consideration is teken of drift with respect to the directions of propa-
gation of rays from the region of the minimum to the recording stations

(for Garm toward the west-northwest, for Temporary toward the north, and for
Talgar toward the northwest), the coincidence of the position of the aif-
ferentiated minimum values with respect to the duta of all three stations
can be considered good.

Judging from the map of isolines, the maximum difference in values of the
parameter within the limits of the region from its center toward the
periphery is 0.6 log unit for Temporary station, and 1.0 log unit for Garm.

The number of determinations of the spectral ratio for territories inside
Tibet and its framework (conventially taken as a strip 300 km wide) is

21 and 24 respectively for Temporary station, and 11 and 22 respectively
for Garm station. The average values of the parameter inside and outside
of Tibet are 0.75 and 0.35 log unit respectively according to Temporary,
and 1.2 and 0.3 log unit respectively according to Garm. The value of the
standard deviation of an individual determination from the average in all
cases is equal to 0.2 log unit. The simplest analysis of these estimates
confirms the statistical significance of the values found for y in Tibet.

The few determinations of spectral ratios for Central Asia that have been
made from recordings of ChISS stations at Novosibirsk and Bodon also show
a minimum of the values of the parameter in the territory of Tibet.

Another region of minimum values of the parameter is located in the territory
of the Persian plateau, approximately between 50 and 63° E long.

In more detailed zoning of the territory of Soviet Middle Asia from the data
- of Temporary station a strip of low-frequency earthquakes is distinguished
that runs along the Tyan' Shan'-Pamir zone between 67 and 79° E long. Within
the strip the average value of the parameter is minus 0.6, and along its
_ periphery -- minus 0.2.

According to data of Garm and Talgar stations, a minimum is noted in the
territory of Mongolia with a differential in values of the parameter between
the center and the periphery that is equal to 0.4 log unit.

A region of high-frequency earthquakes is situated to the north and to the
west of Tibet. These are the territories of Northwest China, Dzhungaria,
Altay and Zaysan, Karakorum, the Hindu Kush and Kok-Shaal. However, the
regions of maxime are not as pronounced as the regions of minima. The differ-
ential in values of the parameter y between the center of the maximum and

its periphery averages 0.4 log unit.
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Fig. 3%. Map diagram of the location of reglons of elevated (light shading)
and reduced (heavy shading) absorption for the central part of the Asiatic
continent. Regions are shown that are repeated with respect to the data of
the three stations -- Garm, Talgar and Temporary

The most general peculiarities that are steadily repeated in observations on
the three stations are shown on the map diagram in Fig. 34, Regions of ]
negative values of y, i. e. elevated absorption, and positive values, i. e. i
relatively weak absorption, are distinguished.

The results, in particular for the regions of Tibet and Mongolia, agree well
with independent determinations of the absorbing properties of the upper
mantle within the limits of the investigated territory made by L. P. Vinnik
and A. A. Godzikovskaya (1975).

2. Particulars of propagation of Lg waves on paths that cross Central Asia

The intensity of interference groups of waves of the Lg or Rg type depends J
considerably on the type of structure of the earth's crust on the path of '
propagation. If the path crosses even a small section with crust of oceanic

type or transition type, this leads to sharp damping or even total disap-

pearance of these waves. It is possible that other peculiarities in the

structure of the earth's crust (disruption of the granite layer and the like)

may also lead to effects of this kind. This is what makes it possible to

use Lg and Rg waves as a simple and promising tool in studying the earth's

crust.

In this section an examination is made of particulars of propagation of Lg

waves on different routes that cross the central part of Asia. It is shown

that Lg waves propagate over an appreciable part of the continent situated
approximately to the north of the 35° parallel of north latitude. On routes

that cross the Tibetan plateau these waves completely disappear. The study
technique that is used relisbly localizes large horizontal inhomogeneities '
in the structure of the crust, and possibly the upper mentle as well.
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Region of Studies and the Materials Used. 'The intensity of Lg waves was
studied on paths crossing Central Asia and the contiguous tervitories of
China, Mongolia, the Soviet Union (Middie Asia, Kazakhetan, Siberia), India
and in purt Pokistan, Afganistan and Irun., 'The paths were within the terri-~
tory bounded upproximately by 75 and 125 E long and 20 and 55 N lat.

The particulars of propagation of Lg waves on routes crossing the Tibetan
plateau were studied in more detail. This territory has received very

little geophyscial study, even though information on its structure is
extremely important for tectonic constructions and for an understanding of
the mechanism of convergence and motion of tectonic plates. Therefore the
dynamic peculiarities of propagation of Lg waves and the dispersion properties
of surface waves are so far almost the only sources of information on the
structure of the earth's crust within the borders of this mountain region.

Recordings of earthquakes on two groups of stations situated to the north
and south of Central Asia were examined. Included in the northern group
were the Soviet stations of Talgar (TAr), Novosibirsk (HCE), Bodon (BAH)
situated 50 km to the east of Lake Baykal, and in part Garm (TPM). Included
in the southern group were stations of the world-wide seismic network
(WWSSN) situated in India and Southeast Asia: New Delhi (NDI), Chiangmai
(CHG), Shillong (SHI), ete.

The four Soviet stations used ChISS seismograms in the frequency band from

I to 0.05 Hz. The stations of the world-wide network used recordings of
standard short-period and medium-period equipment. An analysis was made of
several hundred recordings of earthquaskes from different focal zones located
both within the investigated region and on its outer border. The magnitudes
of the earthquakes lay mainly in the range of 4.5-5.5. Epicentral distances
were from 300 km to 3000-3500 km.

Regional Differences in the Intensity of Lg Waves. In most cases Lg waves
have the maximum amplitude on earthquake recordings. This applies to the
seismograms of short-period instruments or ChISS channels in the range from
0.5 to 3 8. The wave group as a rule has clear entries.

Particularly clear and intense entries of Lg waves are observed on recordings
of the north group of stations for earthquakes of Altay, Sayan, Pribaykal'ye,
Mongolia and Eastern Siberia. One of the most characteristic features of
the dynamics of Lg waves in the investigated region is that this group of
waves always predominates on the recording of all earthquakes of the eastern
and northeastern azimuths of propagation (relative to the northern group of
stations). TFor earthquakes of the western and southwestern azimuths of
propagation, Lg waves are reliably observed and predominate on the recording
only within the limits of the first 2000 km of the epicentral distance.

After that their intensity gradually declines, and the spectrum shifts
toward longer periods.

The Lg wave group shows up on all earthquakes situated to the east of the
Caspian, to the north and northeast of the Persian plateau and to the north
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of the Tibetan massif. Within the limits of the extensive territory con-
ventionally bounded by the enumerated regions, Lg waves propagate without
undergoing nny apprecliable changes. These estimates apply to routes of
northeast, north and south (to the limits of Tibet) directions of propagation
relative to stations located in the USSR (north group).

An exceptionally abrupt change in the amplitude of Lg waves 1s noted when
paths of propagation cross the north border of the Tibetan massif. As long
as the eplcenters of earthquakes are to the north of this boundary, running
approximately slong 35° N lat, Lgwaves ave clearly apparent on the recordings
of all northern stations and predominate in amplitude. On the recordings of
earthquakes with epicenters located close to the northern border of the
Tibetan massif, the Lg waves are noticeably attenuated, and are totally
absent if the epicenters are 100 km or more to the south of this border.

For instance, for two earthquakes with approximately equal amplitude of

P waves, but situated on different sides of the boundary with a distance of
the order of 150-200 km between epicenters, the differences in intensity of
the Lg waves may reach a factor of 100 or more. In this connection, on
seismograms of the focus further to the south in the pair being compared,
no wave groups at all can be distinguished at the place where one would
expect the entry of Lg waves.

Everything that has been said here is illustrated by the set of recordings

of earthquakes of two azimuths of propagation shown in Fig. 35 (Baykal and
Tibel) obtained at Temporary station. The coordinates of the epicenters of
these earthquakes are given in Table 14, It is apparent that on the
recordings of the Baykal direction (Fig. 35a) the Lg waves can be confidently
identified and predominate at all distances right up to 3000 km.

TABLE 1L

Coordinates of epicenters of earthquakes with recordings
shown in Fig. 35

La) R
VL /batnsssence usnpanasune ‘ = )I‘nﬂemtoe NenpasaeHne
Mam (03 l-. (l‘;‘ 2.‘. M nin L3 }.w. | (};‘ )J.

1 52,0 89,5 1 40,0 7.4
3 55,4 93,1 12 37,4 7.8
3 46,4 96,6 13 37,9 86,0
4 4,9 101,0 14 35,3 86,4
5 53,4 107,8 15 34,8 87,4
L] 58,8 114,0 16 34,0 87,0
7 58,2 120,7 17 0,6 84,4

‘8 58,3 123,6 18 32,5 93,7
9 58,9 121,7 19 26,2 93,3

10 “,7 ,8

KEY: 1--Baykal direction 3--¢° N lat
2--Tibet direction L4--)A° E long
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Fipr. 30. Maps of epicenters of earthquakes showing qualitative evaluation of
the relative intensity of Lg waves from recordings of Talgar (a) and Temporary
(b) stations: 1--Lg waves predominate with respect to amplitude on the
seismogram; 2--Lg waves have low amplitude; 3--Lg waves entirely absent;

major fractures are shown by solid and broken lines.

— e
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A approximately oimllar pattern is observed on recordings of the Tibet
direction (Flg. 35b) as long as the epicenters are to the north of the Tibetan
mussif (No 10-13). Epleenters nituated directly on the boundary of the
masoif (recording No 14) nre churacterized by o noticeably attenuated Lg
wave. A ntlll sharper contrast is appurent between the recordings of earth-
quakes No 15 and No 16, located directly on the boundary of the massif and
90 km to the south respectively. On the recording of the south earthquake

_ the Lg waves are totally absent. 'They cannot be seen at all either on
earthquakes st111 further to the south (No 17-19).

Such strong difference in the intensity of Lg waves enabled us to use a
simplified method of classifying recordings. All seismograms considered
were broken down into threc groups with respect to amplitude level. ‘fhe
first group included recordings with an intense Lg wave (of the type of

No 1-12, Fig. 35a, b), in the second group the amplitude of the Lg waves
Iy approximately equal to that of P waves or somewhat lower (type 13-15 on
Fig. 35b), and the third group included no Lg waves at all (type No 16-19
on Fig. 35b).

The results of such sorting of the recordings obtained at the Talgar and
Temporary stations are shown in Fig. 36 in the form of maps of the epicenters
of the given earthquakes. The type of recording iz arbitrarily assigned to
the epicenter.

Unfortunately, such maps were constructed only for northern stations since
we had little avallable experimental data on southern stations.

A compurison of the recordings of the same earthquake at different stations
shows that the intensity of the Lg waves is practically independent of the
source, but is determined by the location of the path. For some earthquakes
for which we had recordings made at scveral stations, the positions of the
epicenters are indicated together with the paths of the seismic rays corre-
sponding to the system of observations (Fig. 37). Here we selected only
those epicenters such that their position relative to the recording stations
enabled more precise determination of the boundary where the Lg waves
disappear. The prevailing system of observations does not permit an answer
to the question of whether the disappearance of the Lg waves is connected
with the influence of this geological boundary or these waves do not propagate
within the limits of the territory of the Tibetan plateau.

Fig. 38 shows the amplitude graphs of Lg waves for two directions: Baykal
and Tibet. On these graphs, plotted from data of the Talgar and Temporary
stations, the shading shows the interval of epicentral distances that corre-
sponds to the north boundary of Tibet. It can be seen that for the Tibetan
dircction in this region the amplitudes decrease by at least an order.

Such an cstimate is the lower limit of the change in amplitudes since on the
earthquake recordings where the Lg waves were absent the phase amplitudes of
scattered oscillations were measured on the section of existence of Lg waves
- that was isolated in accordance with the average hodograph.
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Fig. 37. Maps of epicenters and paths of propagation of Lg waves toward the
northern (a) and southern (b) groups of stations: l--seismic stations; 2--
cpicenters; 3--"sharp" boundaries that totally screen Lg waves with position
fairly reliably determined; L--the same boundaries drawn hypothetically:
S5--"weak" boundaries where Lg waves are appreciably attenuated when they
cross; 6--paths corresponding to recordings with intense entries of Lg waves;
T--paths with recordings of intermediate type; 8--paths corresponding to
recordings with total absence of Lg waves}; 9--deep-level breaks that outline
the Tibetan massif according to the tectonic map of Eurasia

From the graphs of the Baykal direction we can see that the intensity of Lg
waves changes weakly when they cross such a large tectonic structure as
the Baykal rift zone.

The position of the boundaries that cause disappearance of Lg waves or that
separate regions (blocks) that are "favorable" or "unfavorable" for the
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Fig. 38. Graphs of attenuation of the amplitudes of Lg waves according to
the data of Talgar (a) and Temporary (b) stations for the Baykal (a) and
Tibet (b) directions. The shading shows the distance interval that corre-
sponds to the north boundary of the Tibetan platesu

propagation of Lg waves can be more precisely determined from analysis of
the maps shown in Fig. 36 and 37. First let us consider the north boundary.
This boundary passes approximately between points with coordinates 34° N lat
and 78° E long, and 35.5° N lat and 90° E long. Its position with respect
to latitude is most reliably determined with an error of less than 100 km.
This is apparent from the maps (see Fig. 36) when a comparison is made of the
intensity of the Lg waves from recordings of two closely spaced epicenters
(No 8 and 9 on Fig. 37a). Analysis of all data confirms that the north
boundary is the sharpest and its position is determined by the accuracy of
calculation of the coordinates of the epicenters, which is apparently not
high here, and according to our estimates amounts to 30-50 km, which is due
to the unilateral location of the stations.

We cannot speak so confidently of the western and eastern ends of this
boundary. For instance the west end is apparently at T8° E long, which is
verified by the data of the maps (see Fig. 36) and the sharp difference in
the intensity of Lg waves on paths going from epicenter No 2 toward the
northern stations (see Fig. 37a).

The position of the eastern terminus of the boundary, according to data of
different stations, is ambiguously determined. With respect to the recordings
of Talgar station (see Fig. 36a) the boundary that separates the two types

: of paths goes along the parallel of 36° N lat and terminates at about
97-98° E long. The few determinations from recordings of the Novosibirsk
station indicate that beyond the point with coordinates 36° N lat and

9
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90° E long the boundary poes in the northeasterly direction to upproximately
96° I long, colnclding with the deep-level break that bounds the Tibetan
massif on the northeast, 'mis hypothesis is also confirmed by data on the
intenuity of Lg waves on different routes according to the recordings of
Bodon station.

The southwest and south bounduries of the block, which do not transmit

Lg waves, are localized by recordings of the southern group of stations

(see Fig. 37b) with less surety. On the section between 78 and 90° E long
they apparently coincide with the system of deep-level brenks that separates
the Tibetan massif from the Himalayas (the Karakorum break on the southwest
and the "Indian suture'" on the south). Further on this boundary goes off
toward the southeast, apparently coinciding with the general trend of geo-
logical structures, but in view of the dearth of experimental data on the
intensity.of Lg waves, it can be only hypothetically drawn.

The effect of disappearance of Lg waves is observed, in addition to Tibet,
on paths that cross the Zagros break zone separating the Iranian plateau

- from the Zagros Mountains. However, we have not examined this region in
detail.

Along with the "sharp" boundaries, one can distinguish "weak" boundaries at

which a reduction in amplitudes of Lg waves takes place. Such a boundary

(Fig. 37) passes along the Hindu Kush-Karakorum arc, and its continuation

to the southeast. Among the "weak" boundaries is the strip that coincides

with the Kopetdag Foothill downwarp, and further to the east with the Herat

break; and also the northwest border of the Indian shield (Beluchistan, the

Sulaiman Range). Thus an investigation of the relative intensity of Lg

_ waves on routes crossing Central Asia and the contiguous territory has
shown the following.

Lg waves are reliably registered over the entire extensive territory of the
Asiatic continent that is situated to the north of the Kopet-Dag and its
continuation, Hindu Kush and the Tibetan plateau, and also on the territories
of the Indian shield.

Lg waves are attenuated as they cross Pamir-Hindu Kush, the north border of
the Indian shield, in propagation along Tyan' Shan'.

Lg waves are completely absent on recordings if the epicenter is located
within the Tibetan massif, or the path of the ray even partly crosses this
territory. Even 100-150 km of travel through Tibet is sufficient for total
disappearance of these waves on recordings. :

3. Regional differences in the characteristics of Rg waves

The Rg wave group in most instances is observed on seismograms simultaneously
with Lg waves. The properties of both wave groups are to a great extent

analogous. They propagate only on continental paths, have comparatively
clear entries, their velocity is independent of distance.

80

- FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFICTAL USE ONLY

In the intermediute distance zone under the condiiions of the southeastern
USSR, Ri waves utually predominate {n amplitude through the entire train of
surtfuce wnves, and have u group veloelty of about 3 km/s (Ruzaykin, Khalturin,
1974). For esrthquakes with mapnlitude of less than 5.5, this group is
frequently the only one to be distingulshed in a train of surface waves,
especially at distances of up to 1500-2000 km.

The Rg wave group usually takes the form of a short train on the seismogram,
consisting of several extrema without pronounced dispersion. The apparent
period of the oscillations in the group is 8-12 s, The low-frequency charac-
ter us well as the fact that other poorly identifisble surface waves follow
this group make it difficult to distinguish Rg waves on seismograms. There-
fore, parameters that characterize the entire train of surface waves were
plcked out as the object of measuremeuts. In the great majority of cases
they applied directly to the Rg group.

In this section we give the results of investigation of the parameters of

a train of Rg surface waves -- its duration, shape of the envelope, time of
onset of maximum amplitude -- observed on different paths crossing the

. Central part of the Eurasian continent. It is shown that the changes in
these parameters with transition to more remote earthquakes take place in
many instances abruptly rather than gradually. This made it possible to
localize the territories responsible for such changes, and then to interpret
them as large horizontal inhomogeneities in the structure of the earth's
crust. The Tibetan plateau is the largest such inhomogeneity in the investi~
gated region.

Moreover, to check the methods developed, the characteristics of the train
of surface waves were studied on different paths corssing the Black Sea.
According to data of several stations, we have reliably localized the
deep-water part of the Black Sea Basin for which a crust of suboceanic or
transitional type is typical.

Materials Used. Method of Measurements and Processing. The recordings of .

a channel with passband of 10-20 s of the Temporary ChISS station were used
for studying the parameters of Rg waves. The data of a total of 300 earth-
quakes of Soviet Middle Asia, Siberia, Mongolia, China, India, Pakistan, Iran
and the Caucasus were processed in all. The range of epicentral distances

was from 600 km to 400-~5000 km. The use of band filtration with magnifi-
cation of the order of 15,000-20,000 enabled confident differentiation of
trains ‘of surface waves even for comparatively weak earthquakes with magnitude
of h.5-5.

The apparent periods of maximum amplitudes ranged from T-9 s at the beginning
of the tracking interval to 12-1k s at the end.

At distances up to 1500 km in all cases, and at greater distances in nearly
all cases, the train of surface waves was simple in form and consisted of
3-4 extrema with a comparatively clear entry and very weakly expressed
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digpersion. The group velocity was equal to approximately 3.0 km/s, varying
over a range of T-8% In different directions.

To describe kinemutic peculiarities the parameter t'puy =tpax = (4/3.0) was
used, where Lpay 1o the time of onset of the maximum of amplitudes in the
train of surface wuves ut epicentral distance of A km.

The form of the train was characterized by duration T -- the time of existence
on the seismogram of amplitudes of at least H@ of the maximum.

The amplitude changes on the route were characterized by the magnitude
correction AM=Mgy - M, where Mgy 1s_calculated for the given station, and
the average value of the magnitude M is determined with respect to the
network of stations.

The further technique for representation of primary data was identical to
that used in processing the materials of Lg waves. Curves were plotted for
the parameters t'mgyx and 1 as functions of distance for several directions
of propagation, these parameters were mapped by assigning their values to
epicenters, and the values of the parameters were compared on different
paths crossing the investigated territory.

Changes in parameters with distance were considered for four directions of
propagation relative to Temporary station: Northeast -- Altay, the Sayans,
Pribaykal'ye, East Siberia, Kamchatka, the Aleutians; East -- Northwest
China, Mongolia, Northeast China, Sakhalin, Southern Japan; South -~ Northwest
China, Tibet, South China, India, the Indian Ocean; Southwest -~ Soviet
Middle Asia, Afganistan, Pakistan, Iran, the Caucasus, Turkey.

The time of onset of the maximum amplitude t'pax reduced to a group velocity
of 3.0 km/s is shown on Fig. 39 as a function of epicentral distance for the
four directions of propagation relative to Temporary station.

It can be seen that on the graph of the Northeast direction (Fig. 39a) the
velccities lie in a range of 3.0-3.2 km/s for the entire continental segment
of the path within which the Rg group is distinguishable. At distances of
more than 4000 km (beginning of oceanic routes) the times t'pgyx and ac-
cordingly the average group velocities increase sharply.

Typical of the East direction (Fig. 39b) is approximately constant time t' pax’
group velocities are 2.9-3.1 km/s. The most remote earthquakes (Sakhalin,
Southern Japan) are situated on routes with a continental type of crust.

For the South direction (Fig. 39c) the Rg group is reliably distinguishable
only up to 1500 km, beyond which it disappears on all recordings for paths
that cross the Tibetan plateau. On other routes in the same direction the
Rg wave group gradually stretches out, the number of extrema increases.

On Tibetan routes, recordings show up with large values of t'p.., while for
other routes this quantity increases gradually. The average group velocities
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Time of onset of maximum amplitude t'

“oog ST Awm

in a train of surface

waves reduced to a group velocity of 3 km/s as gafunction of epicentral
distance from data of the Temporary ChISS station (passband of the channel
10-20 s) for the Northeast (a), East (b), South (c) and Southwest (&)

directions

lie in a range of 2.7-3.0 km/s, and are much lower for recordings from foci
located inside Tibet (distances from 1600 to 220 km).

In the Southwest direction (Fig. 39d) up to distances of 1500-2000 km the
group velocities are 2.8-3.0 km/s, and then they graduslly decrease to

2.6-2.8 km/s with increasing distance.
transformation of the train of Rg waves; it
and the times of onset of maximum amplitude

Duration of Recording of a Train of Surface
duration with distance for three directions

Typical of the East direction (Fig. 40a) is

Crossing the Caspian leads to total

is considerably stretched out,
increase sharply to 150-300 s.

Waves. Graphs of the change in
‘are shown in Fig. 0.

a weak change in duration: within

the limits of the continental section of the path (up to 3700 km) it remains
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Fig. 40. Distance dependence of duration of a train of surface waves for
- the Northeast and East (a), South (b) and Southwest (c) directions

approximately equal to 15-30 s. For earthquskes from the territory of the
Pacific Ocean the duration increases sharply to values of 100-300 s. The

Ry group follows and retains its simple shape over the entire continental
path. It is lacking in more remote earthquakes; a complex distended pattern
of surface waves is observed.

- In the South direction (Fig. 40Ob) the investigation of duration with distance
follows another pattern. Here the train keeps its original form, and accord-
ingly a short duration of the order of 12-30 s up to distances of about
1300 km. A bend then tsakes place in the train that is especially noticeable
on recordings of earthquakes located within the Tibetan plateau. On these
recordings the compact Rg group disappears, and a distended group of surface
waves shows up at later times. The overall duration increases sharply and
then changes but little, remaining within limits of 40-150 s.

In the Southwest direction (Fig. 40c) the duration increases approximately
in proportion to the square of the distance. A sharp increase in duration
-- up to 150-200 s -~ takes place on the recordings of earthquakes on routes
that have crossed the Caspian Sea.

The parameters of the train cf surface waves t'pg,yx and t were mapped by the
method described above as applied to the spectral parameters of longitudinal
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waves. lhe vulue of a parameter was nominally assigned to an epicenter and
intermediate averaging was then done with respect to 3-6 closely spaced
eplcenters. Maps of this stuge of averaging of the parameters t'max 8nd Tt

are shown on Flg. b1. They 1llustrate the major trends in variation of
parameters in differcent directions, and indicate the spatial confinement of
points of grenteut chanpes in the parameters (maximum values of the gradient).

Fig. 41. Maps of the parameters t' (a) and v (b) from data of the Tempo-

rary ChISS station

max

Within the limits of the transition zone from the Asiatic continent to the
Pacific Ocean, abrupt changes in the parameters occur only where the rouies
cover a section of crust of oceanic type.

Among those territories with a maximum gradient is the Caspian Sea. On
routes that cross or even graze the southern part of the Caspian Sea Basin
(with crust of transitional type) the train is completely broken, resulting
in an abrupt rise in the measured parameters.

Somewhat less of an increase in the values of the parameters also takes
place when the Persian plateau is crossed.
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A section of the strongest changes in the parameters of a train 1s situated
on the territory of Central Asin, confined to the northern boundary of Tibet.
For ingtance on recordings of earthquakes with epicenters to the north of
PTibet within a strip approximately 500 km wide the values of the parameters
t'max 8nd U are equal to 35 and 28 sy on the recordings of earthquakes
situated instde Tibet, the values of the parameters increase right away

to 80 and 125 s respectively. A comparison of the parameters of earthquakes
close to the boundary of Tibet but on both sides of that boundary showed that

the parameters change sharply rather than gradually.
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Fig. 42, Specimens of recordings of trains of surface waves for directions
that pass to the west of Tibet (a), cross the Tibetan plateau (b) and pass to
the east of Tibet (¢). For the direction that crosses the Tibetan massif (b),
we distinguish recordings from earthquakes located to the north of Tibet (by)
and within Tibet (bp). The vertical line corresponds to a group velocity of
3.0 km/s. The arrows indicate the times on the seismograms that correspond

to group velocities of 3.1, 2.9, 2.8, 2.7 and 2.6 km/s. Temporary ChISS
station, channel with passband of 10-20 s

The influence that the boundary of Jibet has on the shape of the recording of
a train of surface waves is illustrated by the set of seismograms shown in
Fig. 42. Shown here are specimens of the recording of a train of the Rg

group for three comparatively narrow directions of propagation: a--for

paths to the west of Tibet; b--for paths that cross Tibet, and c--for those
poing to the east of Tibet. A distinction is made between the recordings

of carthquakes from epicenters located to the north of Tibet (b)) and directly
in the Tibetan massif (b,).

Up to distances of 1500 km the shape of the train is approximately the same
and comparatively simple in all directions. After crossing the northern
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boundary of Tibet or its continuation (1600 km for the western sector, 1700 km
for the Tibetan sector wund 2000 km for the eastern), the shape changes
noticeably, especially sharply on the recordings of earthquakes located

ingide the massif. The time of onset of the maximum amplitude of the train
increased by 100 s relative to the velocity of 3.0 km/s, and the shape of

the train was noticeably stretched out.

Gradually, with increasing epicentral distance in the South direction, the
train is somewhat consolidated, and its shape becomes closer to that of
the neighboring directions at the same distances.

Thus when the northern boundary of the Tibetan plateau is crossed there is
o loss of the Rg phase and associated strong changes in both parameters of
the train. These changes have the same scale as with a transition from

paths of propagation along an oceanic type of crust to routes with a conti-
nental type.

Propagation of Surface Waves on Paths that Cross the Black Sea. As has
already been stated, to evaluate the possibilities of the method and compare
the scales of distortions that arise in a train of surface waves when hori-
zontal inhomogeneities are crossed in the earth's crust, analogous work was
done for the territory of the Black Sea Basin.

It is known (Balavadze, Mindeli, 1966; Neprochnov, 1962) that the deep-water
part of the Black Sea is characterized by a crust of intermediate type in
which there is no granite layer. The boundaries of this section and its
structure have been independently studied by several geophysical methods
with the maximum possible detail.

Beismologists have established (Savarenskiy, Val'dner, 1960; Sikharulidze,
1963) that Lg and Rg waves are totally screened by this part of the Black Sea
Basin. The belt of active seismicity that passes to the south and west of
the Black Sea, and the presence of a network of recording stations provide
good conditions for "x-raying" the entire Black Sea area and adjacent terri~-
tories by using Rg waves from seismic sources on different paths.

All this makes the region of the Black Sea an ideal testing ground for
evaluating the possibilities of the method and quantitative comparisons of
the scales of measurements of parameters here and in Tibet.

To study changes in the parameters of a train of surface waves on routes that
cross the deep~-water part of the Black Sea and pass outside of it, more than
300 recordings of 120 earthquakes on stations of Obninsk, Simferopol' and
Bakuriani were processed. The parameters t'pgy and T were measured on
seismograms of 8K and SKD instruments. Besides, the magnitude correction AM
was calculated for each recording.

4 .
The results of measurements in the form of maps of the intermediate stage of
averaging are shown in Fig. 43. Given here for each of the three stations
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Fig. 43. Maps of values of the parameters AM (a), t'max (b) and 1 (c) [next
page] according to data of stations at Obninsk (top), Simferopol' (center)
and Bakuriani (bottom)

considered are maps of the magnitude deviation AM (Fig. U43a), the parameter
t'max (Fig. 43b) and the parameter 1 (Fig. U3c).

One can readily see the effect of an abrupt increase in parameters t ' nax
and t and a reduction in AM on paths that cross the deep-water part of the -
sea. The average values of all three parameters with respect to each station
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Fig. 43 (continued)

separately for routes that cross the deep-water basin and pass by it are
summarized in Table 15 along with the standard deviations of the individual
determinations of the parameters.
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TABLE 1Y

Purumetors of a traln of surfuce waves for routes that cross
the deep-wuter busin (1) and pass by 1t (2)

) o (S e

) I f 1 | 2 1

< |06s -0,1 =013 1 ] % 110
Eé Cn::m -0, ~0,10 1 5 28 1]
.4 ) Benypuann -4,8 0 1% 15 A0 w
] ~0,81 0,08 1% ™ 20 1w
° 0.3 0,48 42 23 1] kY
EEY: 1--Station b-~Rakuriani
2--Obninsk S5e~Average

3-=8imferopol’

Analysis of the datu in the Table shows that crossing of the deep-water basin
by the path of a ueismic ruy shows up in the following changes of parameters:
reduction of the maximum amplitude of the train of surface waves by a factor
of W, increase in duration by a factor of 2.5, and in the parameter t' max

by n tactor of h,

The stotistical sipnificance of this effert cannot he douhted gince the
difference of the averages exceeds o -- the standard deyiatiaon of an indi-
vidunl determinution of the parameter -- by a factor of 4-5, ussuming that

the uverage value was determined from samples containing 20-25 individual
determinations.

Comparlson of the Influence that Large Inhomogeneities have on the Parameters
of a Train of Surface Waves. An examination was made of the largest inhomo-
reneities of the earth's crust of the investigated territory whose influence
on Lhe paramcters of the train was detected in analysis of seismologic
muterials.  Surface waves experience strong distortions when they cross the

'thetan massif, the Casplan and Black seas, the Persian plateau and the

transition zone from the continent to the ocean in the territory of the
Kurll-Kamehatka arc.

he average values of the parameters of the train t'max &nd T were determined
for the cnumerated structures from the recordings of earthquakes with foci
Located on both sides of the structure within a 300-500 km strip. The

first group (1) includes earthquakes whose routes cross the investigated
slructure; the paths of the second group (2) do not cross (Table 16).

The mugnitude deviation AM was also determined for the Black Sea territory.
The value of this parameter for the transition zone between the continent
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nnd the ocenn tn the vieinity of the Kuril-Kamchatka are it token from the
work of . I, Solov'yev and V, B, Sheln (1959).

TABLE 16

Parameters of a train of surface waves of groups of earthquakes with paths
that cross (1) and do not cross (2) large structural elements

l.mn A AM
(1)cr"nnn~ Satmenry \ | . ) I ' ) .
2 Kacnnicxon wope 190 o 2% 45 - -
UYepuos mope 150 L] 280 100 -0,7 =0,1
flepenacaos nasro % 5 110 40 - -
g Tubercunh Macens () 3 1% » - -
Konsarna - Kypnaw 100 0 200 % -0,% v
KEY: 1-=Structural eclements l~-Persian Plateau
2--Cosplan Sea 5--Tibetan Massif
3--Black Sea 6~-Kamchatka-Kurils

Analysis of the data in the Table shows that all thre>» structures where
routes pass over a crust of oceanic or transitional types -- the Black and
Caspian seas, and also the transition zone between the continent and the
coean -- distort the train of surface waves to an approximately equal extent.
Somewhat lesser distortions take place with crossing of the Tibetan massif,
and still smaller -- when the Persian plateau is crossed.

Thus "x-raying" of extensive and varied territories by Lg and Rg waves

has demonstrated the feasibility of distinguishing and localizing the
largest inhomogeneities in the structure of the earth's crust, and possibly
the upper mantle. The developed technique can be used primarily for
studying the position of boundaries of continental plates in 1little investi-
gated regions or localizing sections of the earth's crust characterized by
the absence of a "granite" layer.

Chapter 3, Particulars of the Structure of the 'ipper Mantle in Central Asia
1. Structure of the upper mantle along the Baykal--Pamir profile

The structure of the upper mantle of the territory of Central Asia was
studicd on the basis of seismographic materials obtained on the profile of
Pamir-Baykal seismic stations (Nersesov, Rautian, 1964). Observations on
this profile were begun in 1961 and completed jn mid 1963. In 1962 the
number of stations reached Sh.

Earlier, on the basis of a detailed study of the deep-focus zone of Pamir-

Hindu Kush earthquakes, the structure of the upper mantle in this territory
had been studied to depths of the order of 800 km (Lukk, Nersesov, 1965).
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Luter on, the materinly of observations on the Pumir-Baykal profile were
processed on the basin of methods developed at the computing center of the

Stberinn bepuetment of the Doviel Acmilemy of Selences for numerical solution
ol inverse three=dimensionnl kinemntie problems (Alekseyev et al., 1969,
= 1971)., 'The results gave n generanl idea of the structure of the upper mantle

in the central part of the profile.

This section glves results of a more complete anulysis of the structure of
the upper mantle based on the use of profile duta on the kinematie character-
istics of first ond subsequent entries us well as spectral dynamic character-
istics of longitudinal waves from the materinls of the Talgar ChISS station.
In the process of interpretation, experimental hodographs were compared with
theoretical hodographs calculated by M, V. Alekseyeva for a number of cross
sections of the upper mantle, ‘'The authors are sincerely grateful to her

for furnishing these materials,

TABLE 17

LList of the earthquakes used in constructing graphs
for the Pamir-Baykal profile

(1)am (2)0pems » vaura 6 ) eenrpor r‘%z" ,':\ J..:u‘ _{
o ety (1= dore Ko
Soviet Middle Asia and Kazakhstan
DV o 12 85 WW ey 20 13,0
aIxsel o W 080 422 9013 5-2 12,3
03.XILI081 0w ” 850 4138 08 515 10
31.1.4962 © 6 830 MM 0T S—0 1,4
20110 3 ¥ 20 . 08 mXR S—10 128
21v.1%82 0 o BE e MBS 5 12,4
09.v.182 12 12 200 ¥»¥» 6% s 13,0
Altay and the Sayans
21.V.1084 of 0 51,0 4820 80 -2 104
20.X14981 o4 03 410 %4 N4 2 13
1vie: g8 » 030 N N S0 127
22.1.4982 o7 2 44,0 82 1002 8- 132
Pribaykal'ye
BX4%1 22 45 080 S35 1080 0-33 430
BXLIGE o 1t 43,0 5583 (W} 0-3 130
11.1.4082 " 272 M2 1100 -3 1,4
KkY: 1--Date 6--Coo: linates of epicenters
2--Time at focus T7--N lat
3-~hours 8--E long
li--minutes 9--Depth, km
S--seconds 10--Energy class K (10X J)
The seismoprams of earthquakes with data summarized in Table 17 were used
N for the kinematic constructions. The earthquake materials were supplemented
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Fig. L4, Diagram of hodographs of longitudinal waves on the Pamir-Baykal
profile: solid lines--first entries; dashed lines-~Pg waves; dotted lines--
reflected waves for the loop section. Shown below are the velocity profiles
of the upper mantle for the corresponding sections of the profile, plotted
on the basis of interpretation of hodographs and spectral amplitude curves.
See Fig. U5 for symbols. The shading chows the regions of ambiguous determi-
nation of depth and velocity
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by selomograms of three comparatively lurge explosions (600-700 metric tons)
In the Eastern Sayans set off in late 1961 and early 1962 in construction of
the Abakan-Tayshet Rallroad,

The hodographs of the earthquakes and explosions were plotted in a scheme of
contrary und overtuking systems along a profile with overall extent of

about 3500 km as shown In Fig. bh. 'The entire system of hodographs was

tied in with respect to first entries at mutual points with reduction of the
fuel of earthquakes to the earth's surface. The accuracy of this coordination
was *1.5 s, and can be teken as satlsfactory considering the great extent

of the profile, the displacement of the epicenters with relation to the
profile and inexact knowledge of the depths of the earthquske foci.

The hodographs of two earthquakes -~ 31.1.1962 in the Vakhsh Mountains on the
southwest of the profile, and 28.%X.1961 in the northeast direction in the
vicinity of Eastern Pribaykal'ye -- were the reference base for the entire
system of observations. A comparison of these two hodographs with the
standard of E. Herrin's commission (1968) shows that in the northeast
direction (from Pamir to Baykal) at distances up to 3000 km the experimental
hodograph is more high-velocity, and in the opposite direction contrariwise,
less high-velocity.

Thus the general tendency of the structure of the upper mantle in the east
is characterized by lower velocities, and on the west -- by higher velocities.

For epicentral distances that correspond to the position of the interface at
n depth of about 700 km, both hodographs have about the same velocities.

At the same time, waves that are tracked in the second entries and are
associated with this interface are better distinguishable on the eastern
branch of the hodograph and more weakly distinguishable on the western
branch, which may indicate a difference in the sharpness of this interface
in the territories of Soviet Middle Asia and the Sayans.

Subsequent entries associated with a 400 km interface are also identically
expressed on both hodographs. For the eastern direction the reflected waves
(or loop scections of the hodographs) are observed in fragments, and for the
western direction -- they are clearly tracked at a great distance. A com-

. parison of the experimental hodographs of second entries with theory for
the interfaces at depths of 400 and 700 km shows disagreement in the times
of delay of the second entries relative to the first. According to the
cxperimental data these delays are shorter.

In the western direction the velocity of longitudinal waves of the initial

- part of the hodopraph (earthquake of 28.X.1961) in the first entries has a
value of 7.9 km/s, and does not increase to 8.0 km/s until a distance of the
order of 1000 km. 1In the vicinity of 2000 km the velocity increases abruptly
from 8.7 to 10.0 km/s, and then at a distance of 2800 km -- to 12.6 km/s.

'The contrary hodograph (earthquake of 31.1.1972) has considerably different
velocities. Up to approximately 600 km the velocity of longitudinal waves
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lu nbout 8.0 km/u, 'hen 1L increases to nbout 8.3 km/s and gradually rises =
to values of 8.4-8.5 km/s. At about 2200 km the velocity of longitudinal

waves increases abruptly from 9.6 to 11.0 km/s and at 2800 km reaches values
of 12.6 km/b.

The contrary-overtaking hodograph from the earthquake of 26.IV.1962 in the
eastern direction has a velocity of longltudinal waves of 8.1 km/s in the
first entries in the intial part, which gradually increases to 8.5 km/s with
a jump to 9.7 km/s at about 2000 km. The hodographs of the central part of
the profile (earthquakes 28.111.1962 and 13.1V.1962) are higher-velocity in
the initial part; here the velocity lies in a range of 8.2-8.3 km/s. The
hodograph of road blasting in the territory of the Eastern Sayans is a lower-
velocity hodograph, the velocity in the first entries being 8.0 km/s.

In the western direction the velocitics of the first entries for the explo-
sions in the initial part of the hodograph have a value of 8.0 km/s. For the
earthquake from the territory of the Sayans (13.1V.1962) the velocity is
higher, and comes to 8.3 km/s. The more easterly earthquake (28.II1.1962)
shows a change in velocity of the first entries in the western direction

from 8.0-8.1 to 8.2-8.3 knm/s.

Of definite interest is the behavior of longitudinal Pg interference waves,
since they give some idea of the average velocity of longitudinal waves in
the crust. On the eastern end of the profile their average velocity is close
to 6.0 km/s, and they are tracked to s greater extent than on the west. 1In
the vicinity of the Western Sayans and Altay the velocity of these waves
increases to 6.2-6.3 km/s. Such a velocity is typical of all of Kazakhstan
as well, Within the limits of Soviet Middle Asia the velocity of Pg waves
ranges from 6.0 to 6.3 km/s. In comparison with the western direction a
general tendency is observed toward a reduction in the intervals over which
longitudinal interference waves can be tracked.

A general examination of the wave pattern done with the use of data on the
dynamics of longitudinal waves obtained with the use of the ChISS station

at Talgar gives us a basis for some remarks on trends in the structure of
the crust and mantle in the territories that are crossed by the Pamir-Baykal
profile. 1In the preceding chapter a detalled examination was made of the
spectral amplitude curves of Pn, Pg, Sn and Lg waves (Fig. 18, 20, 22, 23).

The averuge velocity in the earth's crust in Pribaykal'ye and the Eastern

Onyans iu close to 6.0 km/s. The upper part of the mantle from the underside

of the crust and down to 100-130 km has a weak gradient and is characterizead

by velocities from 7.9 to 8.0 km/s. 1In this connection, difficulties arise =
in evnluating the existence of the low-velocity layer that is usually asso-

ciated with the asthenosphere. 1In any event, it can be assumed that if it

occurs, it is very faint.

The interface at 400 km is evidently upheaved, and should not be deeper than
360 km. This interface is clearly expressed and is characterized by a sharp
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grudlent, Delow this interface, the veloeity approaches 10 km/s. A deeper
boundary (700 km division) is located in the 640-660 km interval and is not
very clearly expressed. It probably has a weak gradient.

In the vicinity of the transiton from the Western Sayans to Altay the crust
has an average velocity of 6.2-6.3 km/s. Beneath the underside of the crust
the mantle becomes more high-veloeity. An abrupt decline in amplitudes of
seismic oscillations (Fig. 18a) according to data of the Talgar ChISS station
in the distance range from 700 to 1700 km, and the presence of a small
increase in amplitudes at a distance of about 1000 km show the existence of
an asthenospherie layer cf reduced velocity, and beyond it =- an interface.

A clear boundary 1s distinguished at a depth of the order of 360 km. Asso-
ciated with this boundary is a sharp amplitude spike observed at a distance
of 1800 km. The deeper 700 km interface is much more weakly expressed.

[n this territory it is at a depth of 650-700 km.

A comparison of mantle velocity data for depths ranging from 350 to 630 km
in the territories of Pribaykal'ye, Kazakhstan and Altay shows that the
velocities in this interval are higher in the east than in the west: 10 and
9.6 km/s respectively. Thus in the castern section of the profile the lower
velocity in the upper part of the cross section is compensated by higher-
velocity low levels.

The presence of an amplitude spike on the amplitude curves of the Northeast
direction (Fig. 18a, b) at distances of the order of 450 km, and a branch

that can be tracked on the hodograph at the same distances of a weak reflected
wave with short delay with respect to the first entries indicate an inhomo-
reneity in the topmost levels of the mantle at depths of the order of

80-90 km. It can be assumed that there is a boundary of low rigidity at

this depth. Territorially, this inhomogeneity is confiend to the section of
the profile between Lake Balkhash and the boundary of the Northern Tyan'-Shan'.

In the environs of Northern Tyan'-Shan' the earth's crust has an average
velocity close to that observed in Kazakhstan -- 6.3 km/s. Further toward
the southwest the average velocity in the crust decreases to 6.0 km/s.

In the first entries, deep longitudinal waves have a velocity of 8.1-8.3 km/s.
These velocities are close to those observed for the territory of Kazekhstan;
however, in contrast to the northeast direction (recalling that the azimuth
is read from Talgar station), the amplitude curves are situated considerably
higher with respect to level, and they have no characteristic spikes. This
circumstance, as well) as the absence of pronounced waves or loops in the
hodograph show that the low-velocity channel in the Middle-Asiatic direction
is poorly expressed.

The poor show of the 20-degree spike on the curves leads us to assume that
the deep-level boundary close to 400 km is also less pronounced. The 70Q km
boundury in this region can be much better tracked on the amplitude and
kinematic curves of reflected waves (Fig. 18c, d).
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A much higher-velocity cross section is typical of the southern part of the
profile -~ the region of the Pumir-Hindu Kush earthquakes (Lukk, Nersesov,
1965). Here the main difference between the deep-level cross section and
those examined previously ls observed in the upper levals of the mantle

to a depth of 400 km. 'The high-velocity cross section of the mantle to the
gouth of Pamir is confirmed by research of Indian selsmologists as well.

In evaluating the peculiarities of the structure of the mantle of Soviet
Middle Asia as a whole we can note that it is apparently transitional between
the high-velocity upper mantle of Pamir (with poorly expressed deep-level
interfaces) and the mantle of Kazskhstan. It is quite significant that the
asthenospheric channel in Soviet Middle Asim is much more poorly expressed
than in the territory of Eastern Kazakhstan. It is a triking fact that the
presence of the low-velocity channel in the asthenosphere of Kazakhstan is
accompanied by somewhat of an increase in velocity at a relatively greater
depth (down to 40O km), while in Soviet Middle Asia the absence and weak
cexpression of this channel is associated with somewhat of & reduction in
velocity at these depths,

Unfortunately, the available material does not permit detection of clear
boundaries of division of the upper mantle among the individual noted blocks.
We can only present a few considerations. The boundary between the mountain-
ous Pamir block and the central part of Soviet Middle Asia runs in the zone
of the Darvaz-Karakul' break zone (Vinnik, Lukk, 1975). Tie transition from
the Middle Asia type of mantle to the Kazakhstan type is noted in the region
of the northern spurs of the Trans-Ili Mountains on the border of the Ili
Basin. The boundary between the Sayans proper and Altay is quite pronounced.
In deep-level structure, these two regions differ considerably. Besides
the materials that we have used, confirmation of the existence of this
boundary is to be found in the results of study of Lg waves {Nersesov,

- Rautian, 196L). The pattern of change in velocities in the upper mentle for
the territories crossed by the profile is shown in Fig. Lb.

The principles governing the relation between the spectral amplitude curves
and kinematic curves lead to a number of considerations of a more general
nature for the eastern and southern directions (see Fig. 18b, c¢). 1In the
eastern direction (western territories of China) the spectral curves have a
poorly expressed amplitude spike associated with a depth of 360-400 km.
Apparently this boundary is fuzzy, which is also confirmed by the relative
spectral width of this spike: the low-frequency components of the ChISS
spectrum come close together. The spike at 25° is located at a comparatively
great distance, and is more pronounced on the high-frequency components,
which indicates that it is associated with a rather sharp boundary at depths
of around 700 km.

A comparison of the eastern and northeastern direcvions shows that con-

sidernble changes take place in the structure of the upper mantle to the
south of the profile: the low-velocity asthenospheric channel dies out;
the 100 km boundary loses clarity and rigidity, and its depth apparently
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inerenseny the sharpness of the boundary of the upper mantle at a depth of
100 km increuses somewhat, the boundary itself also becoming somewhat deeper
uy compared with the northeast. New data agree with the particulars of the
structure of the eustern part of the given territory found previously as a
result of procescing of the materinls of observations on the Pamir-Baykal
profile (Bugayevskiy et al., 1971).

1t can be assumed that the enumerated considerable changes in the structure
of the mantle occur between Altay and Northern Dzhungaria both within the
borders of the USSR and in China.

In the southern direction (see Fig. 18c) oriented from Talgar mainly toward
Tibet and the northern provinces of India, the deep-level cross section

also changes considerably. The low-veloeity channel again begins to be
tracked, although weakly, and the presence of a small spike in amplitudes at
distances of about 1500 km indicates either that its depth increases to
approximately 200 km, or that the nature of the boundary itself changes.

The 400 km boundary in this region is weakly expressed. It is characterized
by narrowing of the spectrum of the reflected wave, which is evidence of a
strong gradient. In addition, the lower boundary of the upper mantle is
much more clearly expressed than for previously examined directions. The
two-hunped nature of the amplitude curve is an indication of the complexity
of this boundary, and the configuration of the first maximum confirms a
tendency to increase. In comparing the southern direction with the southwest
direction considered above, one can note an increase in expression of the
lower boundary of the mantle, as well as less rigidity, which shows up in
narrowing of the spectrum of waves reflected from it.

The use of the spectral curves of longitudinal waves obtained at Garm station
and at Temporary station situated in Northeastern Kazakhstan to study

general pattems of structure provides additional information on the structure
of the mantle within the limits of the southern and southwestern sections,

and also on the eastern continuation of the profile. All available data

are shown in the diagram on Fig. 45.

The shading on the diagram shows regions of development of mountain struc-
tures. A number of interesting conclusions derived from the given data.

The prairie regions of Kazakhstan are characterized by a higher-velocity
crust and the presence of a low-velocity channel in the upper part of the
mantle. Also striking is the circumstance that an asthenospheric channel can
be noted both in the vicinity of the Tarim plate and in the western parts of
Soviet Middle Asia. TIn the mountain regions of Asia and the Sayans, the
channel is lacking or poorly expressed. It shows up again in the territories
of the Tadzhik-Afgan depression and is weskly pronounced in Northeast India
between the Hindu Kush and Himalayan mountain systems. The 400 km boundary
is less well pronounced in the mountain regions than in the platform areas.
More stable is the lower boundary of the upper mantle, which can be clearly
traced in the prairie regions of Soviet Middle Asia, the foothills of the
Tibetan plateau and the intermountain regions of Altay and the Eastern Sayans.
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Fig. 45. General nature of deep-level boundaries of the upper mantle in
Central Asia: symbols--l--isolines of regions of reduced velocities of the
upper mantle according to G. N. Bugayevskiy et al. (1971): 2--mountain
systems; 3--region of tracking of the mantle channel along the Pamir-Baykal
profile; l--regions of differentiation of the mantle channel from spectral
amplitude curves; S5--points that are weakly tracked; 6, T--sections of the
profile and points that are poorly tracked; 8--regions that are well
tracked for the 402 km boundary; 9, 10--points that are weakly (9) and
poorly (10) tracked; l--regions in which the 700 km boundary is well
tracked; 12, 13--points that are weakly (12) and poorly {13) tracked; lh--
tendency for depression or elevation of the corresponding boundary

KEY: 1--Caspian Sea 6~-Tyan'-Shan'
2--Lake Balkhash T--Hindu Kush
3--Altay 8-~Pamir
b--Sayans 9--llimalayas
‘5--Lake Baykal 10--Tarim

One observes a general tendency toward an increase inthe depth of the lower
boundary in the eastern regions of the investigated territory and an elevation
of this boundary in the western regions. An analogous tendency is tracked

for the 400 km boundary as well.

Data that have been obtained give grounds for some considerations on the
peculiarities of seismically active regions. From the standpoint of the
relation between seismically active regions and the deep-level structure,
they are typified by the absence or weak expression of the low-velocity
asthenospheric channel and reduced velocities of the longitudinal waves in
the upper part of the mantle. The reduced velocities of longitudinal waves
in the crust of these regions can apparently be related to the existence of
a layer of reduced velocities in the crust. This channel is lacking in
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non-sciumle regions (Belyayevekiy, 197h). The latter assumption needs more
careful verification; however, extensive experimental material on the strue-
ture of the crust in non-seismic regions ehows that the crustal channel has
not been distinguished in these regions.

The h00 km boundary is more poorly expressed in seismically active regions
than in non-selsmic regions. Of course, the notion "poorly" is a qualitative
one, but nevertheless it can be stated that sharpness of the boundary falls
off, it becomes "higher-gradient" or more complicated in structure. The
detailed investigation of this boundary in seismically active regions can
probably give significant information on the degree of seismic danger of
individual regions of seismically active territories. It is also striking
that the deeper mantle boundary at 700 km is more poorly expressed in

repions of elevated seismic danger.

We can assume thabt the elevated mobility of the upper mantle of seismically
active regions, the difference in the temperature conditions of stable
platform structures and active sections of the earth's crust are causes of
nonuniform structure of the upper mantle of these regions.

Thus we arrive at the conviction that analysis of the general patterns of the
structure of the upper mantle in the regions of Central Asia enables us to .
formulate the question of distinguishing sections of increased seismic danger
on the basis of the secismological characteristics of the crust and upper
mantle. :

2. Evaluation of absorbing properties of the medium

Absorption and Scattering of Transverse Waves in the Lithosphere. ' An im-
portant peculiarity of near and intermediate epicentral distances is the
formation of numerous secondary waves that arise in the upper layers of the
earth as a result of reflections, refractions, exchange, conversion at
boundaries, interference in layers distinguishable by acoustic impedance,
and scattering on small inhomogeneities. The number of such waves is very
great, and their superposition is conducive to the formation of an excep-
tionally complicated and prolonged seismic recording. The propagation of
seismic waves in such a case is very close in its nature to the process of
diffusion of seismic energy in the plane layer close to the earth's surface.

‘The idea that the flow of seismic energy at a great remove from a spherical
source may be described by a diffusion equation was suggested earlier (Wesley,
1965) and found application in the investigation of the internal structure

of the moon (Dainty et al., 19T4) and in such a field of physics as acoustics
(Ponomareva, 1969).

According to J. Wesley (1965) the expression for the energy flux density E
in a narrow frequency band can be found as a result of solving the following
differential equation

OE/d (wf) = (LYW)VE — E/Q — nL*B8(08(r).
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J. Wesley's solution takes the form

BBt (= o= ) ) ‘
Hlere w is angular frequency; r is epicentral distance; t is time; Q is the
mechanlcal quality factor of the medium; B is the spectral function of the
gsourcej L is & parameter with dimensions of length that can be referred to
the mean free path of the wave, to the effective size of a scattering inhomo~
geneity or to the size of the region that takes an appreclable part in the
process of energy transfer.

The expression (*) can be used to evaluate parameters of absorption and
scattering in the surface layer of the earth as dependent on available
experimental data. For instance J. Wesley (1965) used for these purposes
the relation between the apparent period on seismograms of explosions on
the one hand, and time of registration and epicentral distance on the other.
. In our case it is convenient to use the envelopes of ChISS recordings at
fixed distances from the source and the relation between epicentral distance
and the logarithm of the ratio of amplitudes of the envelopes of two frequency
components of ChISS recordings calculated for a fixed time. The logerithm of
the ratio of closest frequency components of ChISS recordings is called the
spectral ratio y (Khalturin, 1971; Pasechnik, 1970):

Yo = In (A in (TuT), ' (o0)

where Aj, AJ, Ty, Ty are the amplitudes and periods respectively of the
i-th and J-th components of the ChISS spectrum. More detailed information
on the ChISS spectrum can be found in the work of P. Molnar et al. (1976).

Within the framework of our materials it can be assumed that (Ty/Ty) ®0.7
since ChISS stations have a filter setting of an octave with respect to
frequency. Taking the square root of (*) and substituting the resvlt in (#%)
we get

W = CR(AIA)=c[ i (T~ T + &t - 7] + const,
where ¢ =const.

Of interest is the special case r/t=V=const. Then

4 n
= (T - T) (W - V-Q-.,T) r -+ const, (e00)
or
Yy ="arl4 b,
where

- aec(T)--T) ('K%F - W;Tf)' b = const.

As we cnn see, the spectral ratio yij is & linear function of the epicentral
distance, which is apparently true within the first hundred km. Table 18

- summarizes estimates of the coefficient a of linear regression for several
pairs of frequency components found by the method of least squares for
spectral ratios within the limits of sections of seismograms beginning with
the first entry of an S wave.
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TABLE 18

Average estimates c¢f regression coefficient a

Ratio of frequency | Regression coefficient

components (Hz) a+10-5, km-!
0.35/0.7 3.9
0.7/1.4 5.2
1.4/2.8 7.8
- 2.8/5.6 10.h

The ChISS station (Talgar) registers the velocity of displacements of the soil
and therefore to approximate the envelope of the recording of each frequency
-ww+  Component Wesley (1965) used the expression

, Am Bt e Al exp fine o= (04 10— 11 (1)}
vhere
P = r/LAQ; v = In (¢4)); ty = r/V; A = const.

The approximation was done by selecting the theoretical envelope that best
coincides with the experimental envelope plotted in coordinates 1ln A4 end
1n(t/tg), where time t is counted from the time at the source. An example
of matching of the theoretical envelope is shown in Fig. 46a. Matching of
the envelopes of ChISS recordings was done with respect to the parameter
LQ?. Estimates of the parameter LQ2 are summarized in Table 19.

TABLE 19 -

Estimates of parameter LQ% from data of
envelopes of ChISS recordings (Talgar)

Average frequency | Range of the
of channel (Hz) parameter LQ

0.35 130-160
0.7 130-150
1.4 80-100
2.8 60-65
5. Lo

The use of equations (**) and (*#**) enables us to plot a nomogram (Fig. 46b)
to evaluate the reciprocel relation between frequency w, quality factor Q
and the effective size L of the scattering inhomogeneity. By using the data
of tables 18 and 19 we get estimates of L and Q as functions of frequency,

as is shown in Fig. b6c. It was assumed in doing this that the velocity

V=Y km/s corresponds to the average velocity of transverse waves of the
lithosphere within the limits of the investigated territory. Given in

Fig. b6c for comparison are estimates that we obtained for data of the SKM-3M
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Fig. L6. Matching of the theoretical envelope of a ChISS seismogram and
estimate of the ratio between parameters of absorption Q and distance L for
S waves: a--example of approximation of experimental data; b--nomogram for
the 0.7-1.4 Hz frequency band (average frequency 1.0 Hz); LQ% scale from 60
to 400, scale of the coefficient of linear regression from 10™% to 2.1073,
Shaded rggion in confidence limits (on the 0.9 level) of the matching param-
eters LQ? and coefficient of linear regression; c--summary of estimates of
L and Q for average frequencies 0.5, 1.0, 2.0 and 4.0 Hz. V is the region
of estimates from our data (SKM-3M channel) and from J. Wesley's data (1965)

channel in analogous arrangement to J. Wesley's (1965), and also Wesley's own
estimates. Agreement of the results can be considered satisfactory.

The regions of solutions for different frequency components form a regular
sequence in coordinates of 1lgL and 1g Q, showing a linear relation between
quality factor Q and frequency w. The quality factor increases with frequency
approximately as the cube root of frequency. A rise in frequency, as was to
be expected, is accompanied by a reduction in the effective size L of intomo-

geneities of the medium that take a significant part in transfer of seismic
energy.

Absorption of Longitudinal Waves in the Mantle. Let us evaluate the absorbing
properties of the mantle in accordance with a simplified scheme (Sato, Espi-
noza, 1967; Teng, 1968). We will assume that the hodograph and the cross
section of velocity are known for longitudinal waves in a spherically
symmetric earth. We will also assume that radiation at the source is iso-
tropic, and that any possihle relation between Q and frequency can be dis-
regarded in an octave frequency band. Within the framework of these assump-
tions we can use the data we have derived from spectral ratios vig (Fig. b7)
to evaluate the change in Q with depth: .

6(8)

N
Y = ﬂ(fl‘—' ,l) 2 Q. .

Ry
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Fig., . Spectral ratio y of ChISS components 0.7-1.h Hz and amplitudes for
the 5KM=3M channel as functions of eplcentral distance for the Pamir-Baykal
directlon: l--initiul data for y(A); 2--averaged data for y(A) 3=~ampli tude
curve of A/T

where £y, PJ are the average frequencien of the ChISS channels; tk(A) is the

trovel time of the wave along a ray in the k-th spherical layer of the earth;
Qg L the avernge value of the quality factor in the k-th layer.

Morcover, we take as the average value of the quality factor in the earth's
crust Q= 120-450, bearing in mind that

¢ () @
and Q4 ~180-190 for f=1 Hz.

The method of calculation (Teng, 1968) consists in inverting the matrix T of
travel times AT and solving the matrix equation

e=Tg

where Q i3 the sought vector (1/Q, 1/Qz,..., 1/Qu), g is the vector
(Yiy Y2904+, Yn), T 15 the matrix
Al Al af ... ad,
AR an & ... ald,

DR R R S

YA YA V-

Atj 1 the travel time of a P wave along the i-th ray in the k-th layer.

An algorithm proposed hy V. P. Valyus (1971) was used to calculate the tﬁ.
The initial dota were the hodograph and velocity cross section with respect
to the Pamir-Baykal profile described in the preceding section, and also

the datn found by L. P. Vinnik and A. V. Nikolayev (1970). The spectral
ratios y;, are obtained from materials of registration of earthquakes by the
Talgar nn& Temporary ChISS stations in the northeast direction coineident
with the direction of the profile.

Analysis of the Y{y data shown on Fig. UT shows that several characteristic
sections cun he observed in the behavior of the average line. The first
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section, up to 60-70 km, is charucterized by wsn approximately constant value
of yiy ond i apparently related to the the Influence chiefly of the upper
layery of the earth'n crust, ‘The second section, from 70 to 150 km, is
associated with a relative reduction in the values of Y{4 by approximately
0.3 1¢g unit, 'The section from 150 to 700 km is associated with the very

. lowest values of yiy, upparently due to the influence of the lower layers
of the earth's crust and the lithosphere, The next section from 700 to
1500 km is characterized by a steep rise in the graph of 1) by approximately
0.45 log unit, after which a gently nloping section is observed, coinciding
In position with the 20-degree feature, In the distance range from about
2500 to U700 km an increase in observed in the values of Yi4 by approximately
0.2 log unit. ‘hen a sharp drop {8 observed that reaches the lowest value
at a distance of 6000-6500 km. The amplitude of this minimum is about 0.3
log unit. At o distance of sbout 7000 km a steep rise begins in the graph
of Yij» fluttening out somewhat nt a distance of about 8000 km,

Note should be tuken of the oseillatory structure of the. initial curve of
Yi}» the main spikes being confined to characteristic sections of the
smoothed line. The strongest oscillations are observed in regions of

- relative decllnes in the function of the spectral ratio as well as in its
transitional sections. 1In our opinion it is quite characteristic that
there are two relative minima on the initial curve for vy (see Fig. 47)
that are confined to distances of 4800-5300 km and 5800-7500 km. If the
data of spectral ratios are compared with the amplitude curve of a longi-
tudinal wave shown on Fig. W7 (for greater detail see Part I), one can sce
that there is an inverse relation between the two curves. Corresponding
to the general decline of the A/T curve is a general rise in the y curve,
and corresponding to relative rices in the A/T curve are flat sections and
relative minima on the vy curve.

- Appurently the observed relation is not accidental since the data were
obtnined for a single frequency band: y -- from materials of a ChISS station
(0.7 and 1.4 Hz channels), A/T from SKM-3M materials (frequency band about
0.7-2.0 Hz). This relation shows that a drop in amplitude of a P wave is
accompanied by attenuation of its high-frequency components.

With respect to the distance range beyond 65°, it is assumed that the spectrum
of a P wave may be influenced by the PcP wave, which is delayed in arrival

by less than 30 s at these distances. In our case such an influence, if
significant in general at these distances from the source, may show up at

a remove of 80° or more since in deriving the data on Yy the measurements were
made in a time interval equal to 10 5. Moreover, special consideration was
#iven here to the time interval from 10 to 20 s, and it was established that
on this seetion the spectral ratios have appreciably greater values.

In the inversion of the spectral ratios, indirect use was made of their
relation to the A/T amplitude curve. We point out the usefulness of such

un operation, bearing in mind the results of inversion of amplitude curves
to the cross section of mechanical Q as undertaken by K. Veith and G. Clawson
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(1972). Alvo uned in an indirect way were the spectral mmplitude curven

ol P waven consldered abovej the usefulness of these curves was pointed out
by T. B, Yanovskayn et nl, (1964) and also by B, Kennett (1975). 1In particu=
lar, these nuthors turned thelr attentlon to the significant way that the
churncteristic elements of spectral amplitude curves are related to the
position of the low=Q seection and to the absolute value of Q.

In wddition to the indireet eriteria of consistency of the results of inverting
y to the cross section of Q, use was made of average quantitative estimutes of
Q that are known for the mantle as a whole (Zharkov et al., 197h; Kanamory.
1967 a, b, ¢, dj Teng, 1968) and also for the crust and upper mantle of the
investigated region (Vinnik, 19763 Zhadin, Dergachev, 19733 Khalturin, 1971;
Khalturln, Urusova, 1962).

As hns already been pointed out, we have taken the value Q=L420-450 as the
average estimate for the crust., There are grounds for assuming (Zhadin,
Dergnchev, 1973) that the lower and upper layers of the erust have quality
factors appreciably different from this average. To analyze this hypothesis,
we use the data of A. Nurmagambetov (1974) and the inversion equation (Sato,

Espinoza, 1967)
'y
e vt (o e

where p is the parameter of a ray, V is the velocity of a P wave, 4, is the
epicentral distance at exit of the ray that has radius of penetration r,
q=p(8,), dIg/dd is the derivative of the damping function of a P wave in
n medium with veloecity V(r) and quality factor Q(r). In agreement with
Dergachevy (1975) we approximate the velocity cross section of the crust in
the investipated region by the exponential law

Ve VoekH,

where Vo is the initial velocity of the P wave, and K is depth from the
surface of the earth.

For A. Nurmagambetov's data, the derivative dIg/dA can be represented as
dls (g = n,) ig {84/A
% =S

lierre ny and np nre the coefficients of attenuation of ChISS components of

the P wave in the distance range from A} to 43, 8w is the difference in
nnsular frequencies of the two ChISS channels.

The average value of the quality factor of the layer bounded from below by the
tip of the seismic ray with exit ut distance 4; is evaluated in accordance
with A. A. Dergachev (1975) by Q= A~1B=1, vhere

We 18 = m)ig {34 \)
A= o (13D B‘-HE)AFI‘;T
Taking Vg =4.0 km/s and V50 =8.1 km/s, we get k=0.014k, Using the data for

£f1=20.8 and f2=1.5 liz from Table 4 in A. Nurmegambetov's work (1975) we find
that when 87 =100 km, A=12.8, B=2,58°10"3, Q,, 530. The calculated estimate
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mich beoreferred to Lho very upper nyer of Lhe erust that has n thicknenn
ol ho more Lhan he=' B,

The estimaten of the quality factor obtained by V. 1. Khalturin (1971) ror
the territory of the Northern Tyan'=Shan' from observations at distances of
100=200 km for frequencies close to 1 Hz do not exceed values of Q= 1350, and
- apparently correspond to depths of 15«30 km. 'Thus it can be expected that
apprecinbly higher values of Q will correspond to the bottoms of the erust
ahd the asthenosphere.

’ A - .”‘ Fig., b8,

Cross sections of mechanical quality fartor
7 of the erust and mantle: la--our modely 2--~ the
~mimmim | model of C. Archambeau et al. (1969); 3--K. Veith and
G. Clawson {1972); b1, fTeng (1976)

Shown in Fig. 48 {s the Q(H) cross section found by
inversion of y data with observance of the folloving
limitations: the average values of the quality factor
in the crust must be of the order of 450, and throughout
the mantle -- of the order of 400-600 (Kanamory, 1967

ay b, ¢, d; Kovach, Anderson, 1964), For purposes of
comparison of results, Fig. 48 shows relations for Q

as a function of depth H according to the data of

C. Archembeau et al, (1969), K. Veith and G. Clawson
(1972) and T. Teng (1968). From the set of models

m)

e}

1L d

20}
' of the distribution of quality factor with depth,
— these were chosen for the reason that they were
iy derived by similar techniques for inversion of ampli-
Mol e ’ tude data.

Analysis of the relations for quality factor as a function of depth that

nre shown in Fig. L8 shows that all models are in satisfactory agreement
with one another only in the region of the upper 150 km layer. The most
contrasty differences are observed for the model obtained by C. Archambeau
et al. (1969) for the territory of the United States, 1In constructing the
model, duta were used on spectral amplitude curves from two explosions along
four profiles. 1In this model, values of Q=8000 were found at depths from
1000 to 1700 km, which is apparently excessive, and cannot be matched with
the latest data on free oscillations of the earth (Zharkov et al., 197h)

and surface vaves (Kanamory, 1970).

A comparison of the resultant model of Q(H) with that of K. Veith and

G. Clawson (1972) shows tha* they agree satisfactorily down to depths of

the order of 700 km. For greater depths the data of K. Weith and G. Clawson
rise abruptly to a value of 1100 and remain constant right down to 2800 km.
For their calculations these authors used data on the velocity cross section

and amplitude mecasurements for a frequency f =1 Hz obtained by E. Herrin
(1968).
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Charncteristic fentures of this model are two relative minima in the region
from 150 to 300 km, and from 650 to ‘7150 km, und an abrupt rise in the

vieinity of 760-770 ki, As noted by the authors themselves, the increase

Iln Q may, in particular, be a consequence of the weak increase of veloelity

in E. Herrin's model. At the same time, they note that that an increase of

Q and V in this reglon is entirely possible. Moreover, it is suggested that
the decline In the region of 350-650 km might be entirely due to the monotonic
facrense of velocity in E. Herrin's model in this region. With respect to

the evaluntion of quality factor for the lower mantle, the authors feel

that the avallable data permit only an estimate of the average, equal to 1100,
relative to which the individual determinations fluctuate.

The greatest agreement is observed between the model of Q found in this
book and T. Teng's model (1968). T. Teng's model is based on relatively
low-frequency datu of stations of the world-wide WWSSN netowrk found for twe
deep-focus South American earthquakes. M. Teng used a method of inverting
the spectral ratio to the Q cross section by successive approximations,
utilizing two computational schemes with considerably different initial
approximations. 1In the first scheme, the initial variant was taken as the
simplest model of a three-layer mantle: low-, intermediate- and high-Q
layers. In the second scheme, the initial approximation was a model close
to the MMB model (Anderson et al., 1965)., The final result of selection was
the model shown in Fig. 48, A characteristic feature of this model is first
of all the relatively low Q in the layer from 36 to 950 km, where it is
equal to 75-100. Moreover, an important detail of the cross section is
a relative maximum of the Q in the 1500-1875 km region and the considerable
reduction of the Q in the region of transition from the lower mantle to the
outer core, from 2000 to 2800 km, which has recently been confirmed by

s data of free oscillations of the earth (Zharkov et al., 197h).

Let us note that our Q model has nearly identical cross sectional details,
particularly in the vicinity of transition from the upper to the lower
mantle and then to the outer core. On the whole, the model is in agreement
in the region of the upper mantle as well. In our model, the upper mantle
is somewhat higher-Q, particularly below the 400 km interface. At the same
time, in the resultant model the region of the asthenosphere is much more
clearly delineuted by a relative reduction in Q.

If T. Teng's model of the mechanical quality factor of the mantle (Teng,
1968) is taken as the average world-wide model of an anomalous mantle in
activated regions, our model can be classified as one of an essentially
normal mantle of platform regions, or at least as the model of the mantle
of a weakly activated region.

Discussion of the Results

The second part of this monograph has presented a detailed analysis of the

particulars of propagation of seismic waves over an extensive territory of
Central Asia. Major emphasis has been placed on problems of the mutual
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retutlon bhotween peeulinriting of the Internul structure of the erust and
upper muntle of the territory on the one hand, and the kinematic and dynamic
characteristics of fundamental selsmic waves on the other.

It was shown in Chapter 1 that amplitude curves of different frequencies
and the spectra of different types of waves are a comparatively precise tool
in solving problems of outlining and delineating regions of the crust and
mantle with considerably anomalous properties. These characteristics were

| success fully used in Chapter 2 for mapping individual blocks of the erust
and mantle. It was shown in particular that from a number of dynamic
properties of fundamental types of waves one can outline boundaries of
vhat are apparently essentially dissimilar blocks: Tibet and the Tarim
platform, Tarim and Tyan'-Shan', Dzhungaria, the Balkhash region and Northern
Tyan'=Shan', Dzhungaria and Altay, Altay and the Sayans.

In Chapter 3 u detalled analysis was made of the internal structure of the
territories crossed by the Pamir-Baykal seismologiec profile. Regular alter-
nation of crust and mantle of platform and activated types is demonstrated
as a result. For instance at the southeast end of the profile in the terri-
tory of Pamir one notes a high-frequency type of upper mantle with poorly
defined deep-level boundaries; as one moves in the northeastern direction
within the limits of the Tyan'-Shan' and adJjacent territories of Kazakhstan
there is a characteristic transition to a different crust-mantle block, ‘This
block differs from the preceding one in an overall reduction of velocity
throughout the cross section, and more pronounced major interfaces, whose
depth is somewhat reduced. Further on toward the northeas® a block can be
distinguished with still more elevated boundaries of major physicochemical
interfaces with velocity increasing on the average through the cross section,
and the presence of a pronounced low=velocity layer. With consideration of
the drift of seismic rays, the given block of the mantle is assigned to a
region with axial part coincident with the position of the Zaysan-Gobi
folded zone,

The next crust-mantle block is distinguished within the limits of the
Mongolian-Altay folded zone. It is differentiated from the previous one

by a relatively weakly expressed asthenospheric layer and increasing thickness
of the upper mantle on the averapge. The velocity characteristics remained

nis before on the averape.

On Lhe northeast end of the profile in the vicinity of the Sayans still
another crust-mantle block is noted in which a characteristic feature is
redistribution of velocity characteristics along the entire cross section:
in the upper part the velocities decreased considerably, while in the lower
part they increased. The position of interfaces with respect to depth is
close to that of the preceding type of cross section.

For the northeastern direction of the profile, a cross section of the
mechanical quality factor of the medium was constructed for the crust and

mantle that for the first time gives an idea of the distribution of absorbing
properties of the medium to a depth of 2800 km in Central Asia.
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On the whole, in evaluating the results presented in the second part of the

monograph, it should be emphasized that this is the first time that such a
detalled analysis of seismological materials has been made for the territory
of Central Asia. It is to be hoped that this will enable a still sounder
interpretation of the data of other geological-geophysical methods.,

ITT. MANIFESTATION OF INHOMOGENEITIES OF STRUCTURE IN FLUCTUATIONS OF THE
CHARACTERISTICS OF LONGITUDINAL WAVES

The detailed spatial structure of P waves has been comparatively little
investigated. 'This is due in part to a lack of sufficiently dense systems
of seismic obtervations, and in part to the fact that seismology uses mainly
averaged characteristics of travel times and amplitudes of seismic waves
from which the coordinates of the focus and energy of earthquakes are
determined. In doing this, major emphasis is placed on the stable determi-
nistic characteristics of the wave field: average station corrections,
systematic changes of amplitude, travel time and apparent veloecity. So far,
little attention has been given to the structure of small-scale fluctuations
of travel times and amplitudes: intervals of spatial correlation and the
relation between fluctuations of various parameters have remained practically
unstudied,

The first data on the structure of fluctuations of amplitudes and travel time
of the P wave were obtained from deep seismic sounding (Galkin et al.. 1970:
Nikolayev, Tregub, 1969). A detailed study of the spatial structure of
fluctuations in travel time from seismic observations was done only from data
of the LASA group (Aki, 1973) and from the North Tyan'-Shan' group of
stations (Nersesov et al., 1972; Sedova, 197h).

Gystematic differences of the parameters of seismic waves carry information
on the difference of deterministic components of the inner structure of the
investigated regions; random fluctuations of these parameters carry infor-
mation on the nature of inhomogeneities. The detail of investigation of
inhomogeneities with respect to fluctuations in the parameters of seismic
waves depends on the density of the network of observations, the nature of
the experimental material and the method of processing it.

This section gives the results of a number of studies by the KSE [Kompleksnaya
seysmologicheskaya ekspeditsiya Instituta fiziki Zemli: Comprehensive Seismo-
logical Expedition of the Institute of Physics of the Earth] based on data
obtained chiefly by expeditionary stations deployed in various years in a
number of territories of the Soviet Union.

The greatest dimensions of the network of seismological stations of which
materials were used in studying the fluctuations of parameters of longitudinal
waves were determined by the area of the Soviet Union, and reached an area of
2000 x 8000 km. The network included 16 stations situated in different terri-
tories of the Soviet Union.
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For more detalled studien, regional networke of stations were used with the
following dimensiona: Northern Tyan'=Shan' == 200 x bOO km; Central Tyan's
Shan' == 100 x 250 km; Northern Kazakhetan e 150 x 250 km3 Garm - 50 x 100 km.

The most detailed studies were done on specially created compact groups of
temporary expeditionary stations of the KSE. FPFor instance in the Zeysk
group the maximum distances between them were about 2 km. Selected groups of
stations were deployed in such a way as to represent territories with
different geologleal structures. The Northern Tyan'-8han' group was placed
on the junction between mountain and prairie gections, while the Central
Tyan'~Shan' group was situated in the center of one of the largest mountain
formations; the Northern Kazakhstun network of stations was placed within
the limits of the Kazakh folded region; the Western group of stations was
located on the European platform; the Garm network =-- in the region of con-
Junction of two colossal tectonic systems -- Tyan'=~Shan' and Pamir, ete.

Chapter 1. Fluctuations of Amplitudes and Travel Times
1. Presentation of experimental material and methods of processing it

The seismological experimental material from the different groups of stations
differs in quantity and quality. The temporary groups of field stations
sometimes were operated for the duration of a single field season, and
therefore for such groups many epicentral regions are not represented due

to lack of data. Depending on the amount and uniformity of the material,
the earthquakes were grouped by epicentral zones in different ways. For
instance in studying fluctuations of seismic oscillations, all earthquakes
of Indonesia on the -Northern Kazakhstan group of stations were considered
Jointly, while for the aggregate of stations deployed over the entire terri-
tory of the USSR, earthquakes of the Banda region of the sea were considered
separately. Earthquakes of Alaska, the Meutians, Kuril-Kamchatka and other
Zones were grouped differently for different sets of stations.

Let us introduce a number of symbols and definitions. The symbol e will
denote a set of earthquakes of one epicentral region; a--a set of epicentral
regions; S--a set of seismic statione: ungle brackets <> denote the operation
of statistical averaging; §--deviations from the mean. A subscript will
indicate the parameter of averaging, e. g. <>s denotes averaging of data
with respect to all earthquakes of a given region, and S¢ will mean deviation
from the calculated mean.

To study the inhomogeneity of a medium one can use not only the fluctuations
of amplitudes and travel times themselves, but also the correlations between
these fluctuations. Actually, similar fluctuations should be observed for
closely spaced stations. 1In the iimit when the instruments are located on
the same pedestal their readings should be identjcal.
For the sake of convenience in caleulations and representation of results,
the absolute values of differences |61g A -81gAy| =6881g Ajj and

111

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FOR OFFICTAL USE ONLY

|5Lt**ﬂg1|= §8Lyy are enleulated with reopect to ench palr of stations (1,90
Por the suke of brevity we will call these quantities the second differences.
1T the values of 88 1y Ajy are considered as a function of the distance
between the corresponding stations AiJ» we get a representation of the
results In a form thut ls close in content to the reciprocal strueture
function, The difference is that in this instance the absolute values of
differences are used rather than their squares. 1In a similar way one can
find the second differences with respect to regions and plot their values

us a function of the average distunce between regions,

2. Variations of magnitude deviations for the system of stations deployed
over the entire territory of the USSR

We begin our analysis of fluctuations in amplitudes with the system of
stations representing the entire territory of the USSR (Fig., 49). From the
dabtu of this system, the deviations of magnitudes Sm were calculated for
192 earthquakes of eight reglons (Table 20).

Fig. 49. Diagram of deployment of seismic stations

J9ém
Ik - L4

. - d
41;_ 414 *__,.-}{* | [ + +++

. NESREER RTY RO N U OF P L4 o bt
I 4 N m : J V. 4 200 I L na
A‘/,m

Fig. 50. Average values of the second differences of magnitudes &ém for
seismic stations (a) and epicentral regions (b) from observations at
stations deployed over the entire territory of the USSR: the horizontal
lines show the interval of averaging; the vertical lines show the 70%
confidence interval of the average values.
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let un examine the dependences of the second differences §6m on the distance
between stations., To do this, we refer to the graph shown in Fig. 50. It is
cleaur from this graph that the second differences 88m increase with distance
between stations, reaching o maximum in the 600-1000 km interval. On the
banis of the analogy between the function of second differences and the
structure function, the position of this maximum on the 834 axis can be
interpreted as half the spatial dimension of the charactergstic inhomo=~
genelties, which agrees with the next minimum of the function in the
1500-2000 km interval. 'The second maximum of the given graph is observed

in the vicinity of Ayy = 4000-5000 km.

3. Amplitude fluctuations on the North Tyan'-Shan' station group

For utations of the North Tyan'-Shan' network (Fig. 51) the second differences
of logarithms of the P wave were considered. The processing technique here
was somewhat different in connection with the fact that

‘4 in the case of short distances between stations there

was no need to introduce a correction into the epi-
central distance and average values of the logarithm of
the amplitude for each earthquake were determined as the
a? arithmetical means, while the fluctuations were determined
as the deviations from these means.

A/
4 'Y In this way the errors associated with individual
a? peculiarities of separate earthquakes were sharply
reduced.
A
oy "o v The mean values of fluctuations in amplitudes are

et summarized in Table 21. The experimental data were
selected with respect to the quality and nature of the

P wave recording; obligatory requirements were clarity
of the first entry, pulse shape of the wave and a con-
siderable, at least tenfold, excess in amplitude over the
microseismic background. Altogether, 89 earthquakes
were selected with M25.75.

Fig. 51. Diagram
of location of
stations of the
North Tyan'-Shan'
#roup

The individual error of measurements of the maximum amplitude of oscillations
in our procedure is about 0,04 log unit. Each value in the table is the
result of averaging of the data of 5-15 earthquakes. Thanks to this, the
relative error is reduced by a factor of vn (n is the number of measurements),
und hence the error of each tabulated value becomes no greater than 0.02.

Let us note that this is considerably less than the variations <8 1g A>,.

The uverage station values <<61gA>e>g 1lie in the interval from -0.06 to 0.0k,
and the average values with respect to epicentral regions <<618'A>e>a lie in
the interval from -0.13 to 0.06.

I'n nccordance with the previously introduced definition, the quantities
<<613A>n>n should be equal to zero since for each individual earthquake
<§1gA>g=0. The difference of this quantity from zero that is observed in

11k
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TABLE 21

Average values of the fluctuations of amplitudes 8§ 1g A of a P wave
' on North Tyan'-Shan' stations

'. (l ) e (9 )‘ Cohcunweenns eranunn

| L] 3 [} ' [] 1 )

CCBigAY,>s
<%es)e

=-0,02 0,00
0,03 0,13
=0,00 0,45

03
eyt KOManaomt i), 1wl 0,17 0,05 0,18 0,12~0,03

. [inh»" =01 ~U, I8 0,15~0,00 0,01 0,01 =0,
g?“-(hm"* 0,tH=u,21 0,20 0,08 0,01 0,1t 0,12~0

08
,08
03

)

ghmmﬂumwﬂ =003 007 0,18-0,04-0,00 0,10 0,00 0,08 0,04 0,1
Husowesmn =~0,18 ~0,21 0,08 ~0,03 0,16—0,03 0,48 0,42 0 0,44

7}:;);3';:**mm"—u.m-o.n—n,m 0,14 0,14~0,26 —0,09 0,08 —0,03 0,13

(SA:::...;%.%.::::.‘. U0t 10 0,17 0,18-0,00 0,12—0,03-0,10 0,02 0,14
Jenan
{tdig Ay, =0, =0,13 0,08 0,4 0,00 0,03 0,02 0
(3,408 0 o w6 000 0,10 0,44 0,00 0,08

KEY: 1l--Epicentral reglons 6--Indonesia
2-~Kodiak Island T--Europe and North Afrieca

3-~Aleutians, Komandors 8--Iceland, Greenland, Baffin Island
b--Kurils, Sea of Okhotsk 9--Seismic stations
5--Japanese Islands

reality is probably due to the fact that individual averaging operations were
done both with respect to insufficient data and with respect to appreciably
different stations. The confidence interval for each average is equal to o/vn
vhere n is the number of terms. Thus the values of averages with respect to
epicentral regions do not exceed the confidence interval, and their values are

- not statistically significant. At the same time, the difference of mean
square deviations is significant. In fact <0eg>y exceeds <gqy>g, i. €. the
fluctuations associated with differences of seismological conditions close to
observation points are more pronounced than those associated with individual
peculiarities of epicentral regions. No clear correlation occurs between
separate pairs of columns and lines in Table 21. :

;y h
(4
! l ! ’ ! | =’
- |
M—I' I | i L ! | i
wst | 1| boF l ‘I~ =
! ‘ : | | [ ’ {
! ) I, . | !
y ASNwWE| 1 P Il TR S S SR AW I |
oW W 0 1 v W0
. Au.lﬂ

Fig. 52. Average values of second differences 68 1g'A for seismic stations (a)
and epicentral regions (b) from observations on North Tyan'-Shan' stations.
Horizontal lines show intervals of averaging, vertical lines show the T0%
confidence interval of averages; the broken line shows the 70% confidence
interval of an individual measurement.
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Shown in Fip. 52 are the average values of the second differences 66§ 1g as
a function of Aj4 determined for stations and epicentral reglons respectiVvely.
The Interval of varlation of average values is small, and the confidence of
their relative location is low. The confidence interval is most cases is
greater thun the observed variations. Nevertheless the graphs presented in
Fig. 52 show some regularities.

In Fig. 52a, one notes a reduction in values of &6 1g A with a transition from
the distance range of 75-100 kmto 55-75 km; this begins a decline in the

graph that by definition must be at the coordinate origin. From this we
conclude that the interval of spatial correlation of amplitudes in the
vicinity of the seismic stations is about 50 km. The local reduction of

§8 1g A in the 110-200 km interval and the following slight increase are
characteristic elements that show fluctuations of the spatial dimension of
110-200 km in the field of amplitudes. '

Elements of the form of the graph of second differences that are similar to
those considered can be seen as well for the epicentral regions in Fig. 52b.
In fact, a reduction of 66 1g A is observed in the distance interval of
2200-4000 km, and a relative increase can be seen on both sides of this
interval. Apparently a drop in the graph to the zero value should occur
when Aiﬂ <1000 km. On the basis of the resultant data it is difficult to
Judge the interval of spatial correlation of amplitude fluctuations, but
one can assume & characteristic scale of such fluctuations of 2200-L000 km.

Bearing in mind the small and commensurate values of the minima noted in
Fig. 52a, b one can assume that they are genetically related. This relation
consists in the fact that the 2200-4000 km scale of fluctuations in the
amplitudes that is inherent in the relative location of earthquakes shows up
in the fluctuations of amplitudes that have a characteristic dimension of
110-200 km and that are inherent in the same relative location of seismic
stations.

4. Magnitude deviations on stations of the Central Tyan'-Shan' group

For the Central Tyan'-Shan' network (Fig. 53) data on magnitude deviations
were unalyzed as a function of the distance between stations. The date
averaged by stations and by epicentral regions are shown in tables 22 and 23
as well as in Fig. 5b.

va 084
As Fig. 53. Diagram of location of
a2 Jans stations of the Central Tyan'-Shan'
a7 a7 "] group
; d
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TABLE 22

Deviations of magnitudes from the average group value on
Central Tyan'-Shan' stations, averaged by epicentral regions

Station Am Station Am
1 0.046 6 ~0.104
2 -0.023 T -0.062
3 0.208 8 0,036
L 0.055 9 -0.124
; 5 -0.007 10 -0.058
TABLE 23 \

Deviations of magnitudes from the average for different epicentral
regions with respect to the group of stations of Central Tyan'-Shan'

Regions Am Regions Am
Maska 0.03 India -0.54
The Aleutians 0.14 The Persian Gulf -0.03
Mongolia 0.17 Iran, Iragq -0.05
Japan 0.11 The Red Sea -0.30
Ryukyu Retto . 0.02 Turkey . 0.19
The Philippines -0.02 The Mediterranean Sea 0.22
Indonesia . 0.00 The Greenland Sea 0.05
Hindu Kush -0.17 "
ddy .
4v? z|F 7
“I -+ { al |
T
“p_y |t f
| |
0 1520 50 S0 7% 10 M0OIS: 2 €5 T IKs

Av,un

Fig. Sh. Average values of second differences of magnitudes 68m for seismic
stations (a) and epicentral regions (b) from cobservations on the Central
Tyan'-Shan' group. See Fig. 52 for explanation

Analysis of these date shows a more contrasty manifestation of characteristic
scales of fluctuations of the intensity of P waves that were noted previously
on other groups of stations. As a matter of fact a reduction in correlated-

ness of mapnitude deviations with increasing distance between stations is
observed in the 40-50 km interval. With increasing Aij one also notes a
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maximum In the interval of 50=60 km and a new rise in the reeiprocal relation
between magnitude fluctuations that reaches an extremum for 4y4> 80 km,

In plotting the graph of magnitude devintions an a funetion of distance
between epleentral reglons, the relatively large number of such regions
cuubled us to nurrow the intervals of averaging and to lncrease detail

on the graph (Flg. Shb), Here one can also observe good agreement with

Lthe data of other station groups: the first maximum 18 in the interval of
2000=3000 km, the first minimum == in the interval of 3000-4000 km: the
second, and most intense maximum is in the interval of h000-5000 km, and

s replaced by o minimum in the interval of 5000-6000 km. 'The maximum

that can be distinguished from materials of the stations of the Central
Tyun'=Shan' network in the interval of 6000-7000 km cannot be distinguished
on other groups of ntations due to shortage of data. The most remote
minimum to be noted on the Central Tyan'=Shan' comes in the 7000-8000 km
interval, Attention should be called to the faect that the interdependence
of fluctuations of amplitude deviations at this distance is nearly the same
as in the Interval of 1000-2000 km,

- 5. Fluctuations of intensity of the P wave from materials of the North
Kazakhstan group of stations

'"The relative placement of the seismic stations that make up the North Kazakh-
stan group is shown in Fig. 55. Data on fluctuations of intensity of the

P wave are represented by amplitude deviations for 145 earthquakes of 16
eplcentral regions, and are summarized in Table 2k,

“a Fig. 55. Diagram of deployment of
a? a7 gtations of the North Kazakhstan
] NI “., group
ar  ap?
rYs 7 W

The second differences 66:15A1J vere calculated from the average values of
amplitude fluctuntions, and graphs were plotted for the way that they depend
on the distance between corresponding stations (Fig. 56a). Just as for the
North Tyan'-Chan' stations, the interval of spatial correlation of fluctu-
ntions of amplitudes ic 50-80 km. The minimum on the graph in the 120-150 km
interval also agrees with the data of other groups of stations.

Uhown in Fig. 56b arc the second differences of the logarithms of amplitudes
a3 u function of the distances between epicentral regions. Since the
dimensions of the repions are being compared with the distances between
regions, the oscillations on the graph are strongly smoothed out. HKever-

theless, there can be no doubt about the minimum in the interval of
5000-T000 km.
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TABLE 2h

Average values of rluctuations of amplitudes of P vaves
on North Kaznkhstan Stations

(1):““-!0“& .
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g e O -0 0 0. 001 =08 = 0.0 ~0,01 0,0 0 O® Ok 0@ 019 =008
Kivaw b0 o ot M :gtlw 0% 02 0, =000 00 =0 =0,08 =08 = 007 0,00
g9 K ot o e SM -0l 0@~ 01 000 008 001 00 =011 0N 00 =02
19 Hasas - y® 0,04 =0, —0,08 =0,00 =0,00 =0,00 0,07 | 0,08 0,03 0,18 =00
Hamentsh on - 00 -0 S0l = 018 ~003 00 000 02 'O = 03 .o
12) totssm -0 = o vt W0 008 = =000 =023 0,07 045 0,00 =0,01 =0,I0 =028 =037
1 ot o Tggg 2 UM UM QU 0E = ool G0l -0l 0 ol - ot o
14 {Comemat Arsomus o 0 00 00 0@ 0@~ ~0ib ~007 =01t OW U0 0.0 ~0.0 o o
10 dcpamene wpe o0 e A0 0E 00 00 -0t =000 033 ~0,00 =03 ~008 008 0,0 021 0,7
1 ot 3R T vt o 0% 0B IG SN w b O 0
18)Antene 0 = =T 2T ST TS D o -0 00k o 008 001 oo 0
KEY: 1«-Seismic stations 10-. India
2--Epleentral reglons 1l--Indochina
3-=Alnska 12--Taivan
b~ufhe Aleutians 13-~=-The Solomon Islands
S==Jupan 1h-=The North Atlantic
6-~Indonenia 15==Chill
7=-The Kurils 16--The Mediterranean Sea
8--Kamchatka 17-=Oceania
9==~China 18--The Arctic
M9y (4T
v ’ "3 J
art I T 1 P oo, i | T .!
l ; il
) : %‘li.‘ T i ‘t:r] |
4{_. i i l , L i_ F S
[ i SN S W E | A U P DU VT S0 T Bl OO O B AN | 1
VU N WY W g N w29 ¢S 1 wew  umw
- 4y dy,on
i Fig. 56. Average values of the second differences §81gA for seismic

stations (n) and epicentral regions (b) from observations on stations

of North Kazakhstan.

Sece Flg. 52 for explanation
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Fig. 57. Distribution of second differences $§8§1gA for the group of
stations in North Kazakhstan: 1l==Experimental; 2-atheoretical normal
for ¢ =0.08 log unit

Or definite interest in the question of the distribution of second defferences
of intensity of the P wave, For this purpose the experimental distribution
of deviations of the logarithms of amplitudes was plotted for Ay 3 > 140 km

(Fig. 57). ‘'The experimental distribution was compared with a number of
theoretical distributions. Best agreement i{s observed with the normal
distribution when 020,08 log unit, which is shown for clarity in Fig. 57.

6. Variations of travel times on stations deployed over the entire territory
of the USSR and in the North Tyan'=-Shan' group

The came second-difference procedure as used for the logarithms of amplitudes
vay applied to the travel times of the P wave. These data are less reliable
because of the microseismic interference on the seismographic recordings,
and the related difficulties in distinguishing the first entries of the

P wave. :

We begin our analysis of fluctuations in travel times with an examination of
materials of the system of stations deployed over the entire territory of
the USSR (see Fig. 49). The average deviations of travel times for the

16 ctations with respect to 8 epicentral regions are summarized in Table 25.
The second differences of travel times (Fig. 58) increase with increasing
distance between stations and reach a maximum in the interval of 350-600 km.
At distances of 600-1200 km a shallow relative minimum is observed which

is then replaced by a sharp maximum in the interval of 1200-2000 km. Further
on there is a minimum situated in the interval of 2200-L000 km.

In interpreting the extrema of the second-difference functions by analogy
with the structure function we can assume that inherent in deviations of the
travel times of P waves within the limits of the USSR and adjacent regions
are characteristic scales of fluctuations of the order of 1000 and 3000 km.
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In ealeulnting the fluctuations of travel times on stations of the North
Tyan'-8han' group each earthquake bad its own straight=11ine hodograph that
beat approximated the observed data. ‘'the use of such hodographs has certain
advantages and dlisadvantages., An advantage i that in this eamse the fluetu-
ations are independent of the changes in apparent veloelty that characterice
large=ncale anomalies of the hodograph., 'The linear dimensions of such an
anomaly are comparuble te or greater than those of the station group; the
measured fluetuations of times characterize only the "fine" streuture of the
wave fleld. In should be borne in mind that in inolated cases the makeup of
the group was changed (shifts of statlons, lack of recordings), and this
must have had an effeet both on the parameters of the straight-line hodograph
and on the values of fluctuations in travel times,

The fluctuations of travel times St are made up of two main parts: the
station anomaly that depends on the structure of the medium directly beneath
the stution and is caleulable as the average of all measured deviations of
travel times, and the individual fluctuations relative to this average.

The station anomaly can be caleulated in different ways, depending on the
curthquake sample with respect to which averaging is done.

Firat let ug consider the results of averaging of station fluctuations with
respect to separate epicentral reglons <ét>,. These data are given in
Table 26. 'The average values of fluctuations with respect to all stations
for each reglon <<§t>q>g, as implied by our method of determining fluectu-
ations, should be close to zero, and therefore slight corrections have been
made in the columns of Table 26 so that <<§t>e>g=0,

TABLE 26

Average values of deviation (s) from the straight-l1ine hodograph <St>,
of the P vave on stations of the North Tyan'-Shan' group

{1 ) Codenamenns ersenns R

sl et vl sl sl o]l ol o] 2] 3
E Kaman -0,13 0,00~0,48~1,31 0,57 0,03-0,8: 2,0 1,&
Aseyry, Kousasopu 0271-0,73=0,88 0,0 1,08 0,60-2,72 {,88 1,34
finoacane ocvposs =0,80=0,40—1,28-0,16 0,08=0,16 0,08 1,37 0,03

. 0T ~0.8 3,10 8,01 =0.48=0,01=2,28 2.8 1,6
{ pons § Conpues A 011 O =18 1T1—0,00,0 0,290,841,

(9%&&.-. =17 1,00 1,08=1,01=1,28 0,070,28 0,82 1,31

%Kmu.mn” -f,81 =0,18~0,00{ 1,65 020 0,62-1,85 0,83 1,13

«iny, 0,81 0,00=0,78 06t 007 0,281,002 1,38
(LN A 038 0.4 1,00 1,88 097 05 1,18 1,18
KEY: 1--Seismic stations 6--Japanese Islands
2--Epicentral regions T--Indonesia
3--Kodiak Island 8--Europe and North Africa
h-~Aleutians, Komandors 9--Iceland, Greenland, Baffin Island

95-=Kurils, Sea of Okhotsk
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A steiking peculiarity of the fluctuations iy the wide range of variations

in <6t>, from =2.72 to +3.11, considerable differences being noted in iso-
lated cases on the same atation for adJjacent regions (for instance for

station 7 and regions IV and V the difference is 3.21 8). 'The differences

of average station fluctuations <<§t>,>, are considerable: from =1.02 to
+1.38. ese values characterize the inhomogeneity of the upper part of the
crosu nection beneath the seiomic stations, If consideration is taken of

the fact that all stations are located on erystalline roecks, and inhomogeneity
occurs only within the limits of the earth's erust, which is about 45 km thick,
the contrast in veloeity fluctuations should be about 10%, A prreciable
differences of the mean square deviations Oen (from 0.25 to 1.55) characterize
the strong contrast between inhomogeneities of the erust and those of the
mantle, the latter not being part of the upper cross section. The presence

of these inhomogeneities shows up with greatest contrast in the data of
station b, If it is mssumed that the characteristic vertical and horizontal
size of these inhomogeneities is the same, and equal to approximately 100 km,
then the fluctuations of veloelty must average 10-12%, and the maximum devi-
ations =~ up to 15-20%. On the other hand, if such anomalies are impossibdle,
we must assume that their vertical dimension is appreciably greater than the
horizontal.

Shown in Fig. 59 are the second differences of the travel time 88t14.
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Fig. 59. Average values of second differences of travel times 86t for

seismic stations (a) and epicentral distances (b) from observations on the

North Tyan'-Shan' group. See Fig. 52 for explanation

The structure of the graphs and the behavior of the average 88t are very
similar to what was noted in Fig. 52 for the second differences of the
logarithms of amplitudes. The elements of the graph of 66t have been shifted
to the left with respect to the data for 66 1gA. The interval of correlation
of fluctuations of travel time is less than the fluctuations of amplitudes,
and therefore the inflection and decline of the graph of 66t that correspond
to the graph of §61gA have been pushed off to the left out of the figure.

Let us note that in wave propagation in media with random inhomogeneities
the intervals of correlation of fluctuations of amplitudes must be greater
than the fluctuations in travel times.
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Similarity in the behavior of graphs of 36 1gA and 88t is also a rather
convineing sign of statistical significance of the results.

The correlation of fluctuations in amplitudes and travel times is illustrated
by Fig. 60 plotted from data of the North Tyan'~Shan' group of stations.

We can readily see that there is practically no correlation. This result is
important for Judging the nature of'inhomogeneities of the upper part of the
cross section that determine the average station anomalies of amplitude and
travel time: veloeity inhomogeneities of the upper part of the medium that
cover points of observation should generate weakly correlated functions

§1g A and &t that are characterized by a correlation coefficient of 0.4 in
the case of low-contrast anomalies of velocity (Chernov, 1975). Thus the
lack of correlation can be interpreted as comparative homogeneity of the

very top of the cross section, about a 10 km layer. Then the average station
anomalies should be considered as the result of inhomogeneities that are
situated more deeply, right down to the underside of the earth's crust.
Anomalies of amplitudes may be generated both by velocity inhomogeneities

and by the inhomogeneities of absorbing properties. Such inhomogeneities
with dimensions of 50-100 km and average Q of about 300 should be charac-
terized by variations of Q ranging from 150 to L0O.

Chapter 2. Investigation of Fluctuations in the Shape of aAP Wave Recording

1. Study of the shape of the recording of a P wave on stations situated in
different territories of the Soviet Union

This study is based on calculating the coefficients of correlation between
seismic signals registered by different seismic stations. The initial
sections of the seismograms that contained the recording of the P wave were
quantized. The seismograms that were used to study the spatial structure of
the P wave were obtained on 55 seismic stations situated in different regions
of the USSR, and in part included data used in studying the fluctuations of
amplitudes and travel time described in the preceding chapter.

In selecting the material, consideration was given to the following peculiari-
ties of seismic recordings: the pulse shape of the initial part of the
recording, i. e. those sources that had short-term action and vere
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characterized by nimplieity of the rhupe of the flrat wave and 1tn compuras=
Lively wlde=band speetrumy wurrieient Intensity of the recording == on
three stutions an a minimum; maximum peak=-to-peak amplitude of the first
pulse on the seismogram of at least 10 mm; clear entries,

Three-component recordings of 51 earthquakes with magnitude M > 5 were used
with epicenters removed by u distance of 30-80° from the stations. 'The foel
of the earthquakes were situated in different regions of the earth: in the
western part of the Pacifie Ocean belt, in Indonesia, in the Mediterranean
Sea, in the North Atlantic and in the Aretic Ocean.

The X-component corresponding to the direction toward the source was pre=~
determined from the horizontal components of each reecording N=8 and W-E.
In this way the vertical and radial X-component of the P wave recording
were subjected to subsequent correlation analysis.

The shape of the recording is analyzed by comparing recordings of the P wave
from one source on different stations. A quantitative measure of the

degree of resemblance of shape ls the correlation coefficient KiJ of the
recordings of the i-th and J-th seismic stations determined from the fornula

Ko P, P01
" Ty erurar Prama)

Since Kij=Kyj the entire set of correlution coefficients for n earthquakes
cun be represented as a symmetric matrix containing n-1 rows and columns.

The value of the correlation coefficient for a pair of similar functions
such as the recordings of remote earthquakes is a maximum with the proper
coincidence of the firast entries. In reality, there is no firm certainty
that the beginning of coding of the recording coincides with the first entry.
Possible errors reach a quarter of the predominant period.

In order to keep the errors associated with uncertain determination of the
beginning of readout from "spoiling" the maximum value of K3y, the signals
were "synchronized" by calculating the correlation coefficiehts for several
relative locations. The maximum shift of one signal relative to another was
cqual to t0.4 s, which enabled calculation of nine values of the correlation
coefficient for each pair of recordings in the case of a 0.1 s displacement
step equal to the quantization step.

In other words, in the "synchronization" process the section of the corre-
lation of two signals in the vicinity of their first arrivals is calculated.
After that, only the maximum value of the function on this section was used.
Gince there were comparatively few data of joint observations on individual
puirs of stations, they were processed all together rather than being

scparnted by epicentral repions. It was established as a result of such an
analysis that stubility of the shape of the vertical component is higher on
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the average than the radial component. ‘'This shows up in the faet that high
values of the correlation coeffielent K2 0.7 appear for the vertieal com=
ponent comparatively more often than for the horizental component,

Of interest is an examination of the correlations both within groups of
seivmic stations and between separate groups. Tt has been established that
the groups of stations of the European part of the USSR and Soviet Middle
Asiu are characterized by a relatively high level of internal eorrelation.
Thuse groups are unequally related with each other: the Middle Asia stations
show good correlaution with Northern Caucasus stations, while those of the
European part of the nation show good correlation with both of these groups.
The Yukut stations correlate well with all regional groups of stations. It is
not possible to trace the nature of the correlation for other groups of
statlons due to insufficient data.

Thus relatively high correlation of the vertical component of the P wave
recording 1s noted both within separate groups (European, Middle Asian)
and between remotely spaced stations. At the same time, in many instances
weak correlation is observed between comparatively close stations., With
regard to the spatial correlation of the X-component it can be stated that
the nature of the correlation dependences is basically the same as for the
vertical component. At the same time, the vertical components correlate
with each other more strongly on the whole than do the radial components.

The distortion of signal shape that shows up in impairment of its correlation
with another, reference signal, may be attributed to several causes. In
particular to scattering of seismic energy when the wave passes through a
reglon that contains inhomogeneities that are contrasty and small compared
with a wavelength, as well as to the distorting effect of the contrasty
relief of buried and surface boundaries.

High correlation of the shape of a P wave may show up at distances of several
thousand kilometres between stations if the deep interior of the earth intro-
duces weak distortions, i. e. if it is comparatively uniform; moreover, it

is important that the signals radiated by the source in different directions

have a similar shape, even though they may differ appreciably in amplitude.

A reduction of correlation i{s usually caused by the screening action of
sections of the medium in which minor inhomogeneities are strongly developed.
The dimensions of these sections amount to several hundred kilometres, while
the average distances between them are considerably greater -- thousands of
kilometres.

Having made a detailed analysis of the spatial structure of the P wave, it
is of interest to evaluate the principal scale effects of fluctuations of
waveshape and to relate them to the inhomogeneity of the structure of the
enrth's interior.
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2, lnvestigation of detatled structure of the shape of the P wave

The detalled structure of the longltudinal wave was studied from the data of
observations on dense systems of seismic stations: North Tyan'-Shan', North
Kazakhstan, European, Central Tyan'-Shan', Garm and Zeysk. ‘These groups of
stations operated at different times, the number of stations and their
relative location in the group also changed, and therefore the study was
based on initial data differing in detail,

The dutu of only the vertical component of the recording are considered here.
The method of data preparation and caleulations of the correlation coef-
ficients is described in the preceding seetion.

The North Tyan'-Shan' Group of Stations. ‘e recordings of 89 earthquakes
vere used, the same ones that were used to study the structure of fluctuations
of amplitudes and travel time. A matrix of correlation coefficients Kij was
calculated for each earthquake; the values of the matrix were rather high
on the average, exceeding a level of 0.5. e matrices of average values of
the correlation coefficients <Kjj>, were found from the correlation matrices
of {ndividual earthquakes corresponding to a single epicentral region; they
are given in Table 27. Although each element of these matrices characterizes
data relating to two stations, the individual characteristic of the shape of
' the P wave on individual stations can be found by averaging the <Ki y>e with
respect to all pairs that contain the given station 1. The resultant values
of ¢<K>,>g; are presented in Table 28. '

TABLE 27

Averaped matrices of the coefficients of correlation of the shape
of the initial shape of the recording from materials
of ntations of North Tyan'-Shan'

H 3 4 1] [} ] L] H 3 [ $ [] 1 [ ] ) ] 1} ) [} ? [ ]

A2 08 085 058 053 0:8 0821 0S4 o4 002 nes 080 0,8 049)1 057 0.2 0,83 0.0 0,8 037 047

; 052 nes 051 06 038 oat uail2 T 062 048 049 060 0% 068 " 0,32 0,47 0,8 0,38 0.4y 0l
3 071 029 076 06 6|3 0.52 062 035 0.5 0.88 N4 0,83 038 W3 u§)
3 0. oM 032 walg 065 057 0,43 085 081 082 0,58 0.8
: i yE R ] N LR
g (1 3+ xessee o gog ? (2)Asra, xomsaser s 1(3 Onerenee nope 7w
] ) [} s [} ) " ] ] 4 1) (] 1 1} 1 H [ 1) [ ] ? L]

058 065 06 v 081 0811 054 0,5 0% vs4 03¢ 038 047]1 0.8 0.3 0,40 0% 0,48 042 0,2

3 o 0,3 g.ﬁ 06t VD 038 03112 | 048 050 043 037 08l 038 0.3 0,36 048 048 0’38 0,48
3 042 0,1 0,78 078 ves]3 0,65 0% 067 060 062 057 0,33 0,78 049 0%
A 067 062 0,48 082]4 0.5 050 0.8 081 0,8 u37 0% 08
o i g enls R HOT W B
. ! o '] R

.'( ) Seencsm mrpona o 7(5) Waasmsee o ol Comopase Adpor B30

"
-
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-
-

LI S B I S - KEY: 1--Kodiak Island UL--TJapanese Islands
) o0 O O; o4 o 2--Aleutains, 5--Indonesia
$(T) B Tpmiseses, OM 030 0.7 Komandors 6---Europe, North Africa
1 0,74 3--Kurils, Sea T--Iceland, Greenland,
of Okhotsk Baffin Island
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TABLE 28

Average values of the coefficients of correlation of the shape i
of a P wave recording for stations of Northern Tyan'-Shan'

1 { 2 ) Codennnctnm etanann

nAOReI A 0,83 0,88 o8 o,
Buopona, Conapuan Appuns 0,43 0,80 0,88
m::.. a.l“un:ma. 0,87 0% 0468 0,81

(10) Cpernes 088 0,8 00 0,87 081 081 VS0 0,00

KEY: l~-Epicentral regions 6--Japanese Islands
2-=Selsmic stations T=-=Indonesia
3-~Kodiak Island 8--Europe, North Africa
h--Aleutians, Komandors 9--Iceland, Greenland, Baffin Island
$==Kurils, Sea of Okhotsk 10-=Average

The average values of the coefficients calculated from the rows of the table
are the station characteristics, while those calculated from the columns are
the averaged characteristics of the given earthquake sample for a specific
epicentral region. The average values of the coefficients of correlation of
the shape of the recording of a P wave for stations of Northern Tyan'-Shan'
vary from 0.43 to 0.70. Since each value is found by averaging at least 50
individual estimates, differences greater than 0,02 should be taken as sig-
nificant.

For each seismic station the values of the coefficients are varied as a
function of the azimuth to the epicentral region, the amount of the variation
reaching 0.2. For each of the seven regions the values of the coefficients
change little as a function of the position of the recording station, and
variations remain within limits of 0.1. This means that the change in
spatial stability of the shape of the P wave is related primarily to the
position of the epicentral region, and depends comparatively little on the
individual peculiarities of the seismic stations. Let us note that the
differences in frequency responses of the recording channels should show up
in variations of the average values of the coefficients with respect to
different pairs of stations for separate epicentral regions. The compara-
tively slight values of these variations show that the effect of the differ-
ence in spatial stability of the P wave from different epicentral regions

is reliably detected on the background of variations that may be possibly
associated with some non-identity of equipment characteristics. , .

The appreciable influence that the region of location of the source has on
the spatial structure of the shape of the longitudinal wave shows up in
comparatively weak similarity of the correlation matrices for different
regions. -

.-
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TABLE 29

Correlation of matrices of the coefficients of correlation
of the shape of the recording of a P wave for all epicentral regions

Suwpas n " v v v Vil
! t 028 000 02 0% 08 0,008
i t -0% 08 04 04 0,2
'u'v' 1 000 000 0,0 -0,
v { ol oM o
y 1 o4 0
t o
vii \

SnHueHTpanbHHe pafoHu = Epicentral regions

Note: Roman numerals denote I--Kodiak Island
I1-=Aleutiang, Komandors
II1-~Kurils, Sea of Okhotsk
IV-~Japanese Islands
V-=Indonesia
VI--Europe, North Africa
' Vil--Iceland, Greenland, Baffin Island

To find a quantitative measure of similarity of matrices of <K>o, we corre-
lated them with each other, getting the seventh-order matrix shown in

Table 29. 1In correlating the matrices, they were all converted to numerical
series, the values of each series being referred to a zero average. 'Twenty-
one correlation coefficients were calculated, of which three are negative, but
have low absolute values. The positive values of the coefficients range in
absolute value from 0,02 to 0.57.

Thus each value in Table 29 was calculated from two series containing 21
terms apiece; the mean square error of the result close to zero is 20.3,

and on the 0.4 level -~ from 0.1 to 0.5. Therefore values exceeding +0.l

and -0.3 have a considerable difference from the background. A comparatively
high correlation is observed in the initial matrices for remote territories
of Alaska and the Mediterranean. No dependence of the degree of correlation
on distance between epicentral regions is observed.

Let us consider the way that the correlation coefficient <K>, depends on the
distance Aj, between pairs of seismic stations i and J and on their position
relative to the source. 1In doing this we separate all data into two parts
corresponding to longitudinal and transverse correlations. In the first case
the source is in line with the stations, and in the second -~ in the direction
perpendicular to the line joining the stations.

Shown {n Fig. 61 are data obtained in our observations on North Tyan'-Shan'

stations and also in observations by G. M. Tsibul'chik in the Sayans (1968)
and by V. Din in North America (1965). All these data were obtained by
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My, 61, Coefficients of correlation of the ghape of the recording as a
function of the distance between stations: l--correlations with respect to
ull directions; 2--longitudinal correlation; 3--transverse correlation;
--our data from stations of the North Tyan'-Shan' group; 5--data of V. Din
(1965); 6--data of G. M. Tsibul'chik (1968)

short-period vertical instruments. The observations in the Sayans are
characterized by short distances between stations from 1 to 30 km. The
data on correlation are not differentiated with respect to the position of
stations relative to the direction to the source. The level of correlation
falls off uniformly with increasing A1J from 0.85 to 0.70.

V. Din's data relate to a wide range of distances from 2 to 400 km. The

graphs of K(Aij) have a characteristic shape: as A3y increases one first
observes a drop, then a rise and once again a drop to an asymptotic value
of Ki 20.5 when A1J==h00 km. Din's curve is situated considerably lower
than 4sibu1‘chik's as a consequence of the difference in the length of the
signals being correlated: 20 s for V. Din, and 3 s for G. M. Tsibul'chik.

1t is important to note that the graph of longitudinal correlation is as it
were the graph of transverse correlation stretched out in the AiJ scale.

The same characteristic features can be seen as well on our graphs in the
interval of 4jj=70-400 km. At 83 5=120-190 km & maximum K is observed
that can be identified with the corresponding maximum of the Din curve:

the minimum of transverse correlation is at A;5 270 km. Corresponding
characteristics of an element of the curve of iongitudinal correlation are
noted at Aj3 2340 km (maximum) and at 444 =125 km (minimum). Thus our date
show generai similarity to those of V. Dgn as expressed in the identical
structure of the graphs of K(4;4) and their close levels at extremum values.
This peculiarity of the spatial change of shape of the longitudinal wave is
probably a consequence of similarity in the structure of inhomogeneities of
the earth in different regions. Let us examine this problem in more detail.

The differences in the intervals of longitudinal and transverse correlation .
indicate that the horizontal inhomogeneities that distort the waveshape lie
at such. depths that their upper edges are below the open surface. In this

connection, the "shadows" of inhomogeneities that are projected by seismic
rays onto the surface of the earth are stretched out in the source-
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inhomogeneity direction. Let us note that in the given case when remote

earthquakes are used we see longltudinal correlation with respect to some
Intermediate direction closer to the wave front rather than in pure form,
1. e. along the rays. Therefore the true longltudinal correlation of the
shape must extend to still greater distances,

The interval of transverse correlation of amplitude and phase of a plane wave
{s close to the characteristic dimension of anomalies of the field of veloci-
tiet of elastic waves (Chernov, 1958). MThis statement can be applied to
waveshape au well slnece the latter ls determined by the ratio of amplitudes
of geparute extrema and by their poslition in time from the initial part of
the selsmic recording.

Let us define the interval of correlation of shape as the distance at which
the first minimum is observed on the curve of K(Aij). Teking into consider-
ation that the wave front in the repion of exit to seismic stations has a
low slope, we conclude that the characteristic scale of a horizontal inhomo-
geneity in the vicinity of North Tyan'-Shan' is no more than 70 km; extrapo-
- lation of the graph of K(Aj4) toward low values of Aiy to a level of Kj3=0.5
(the same as the level of the minimum on Din's curve% gives a value of about
50 km for the interval of correlation of inhomogeneities. In North America
(region of the Tonto Forest group) the corresponding dimension is 30 km.

The North Kazakhstan Group of Stations. In the given case a more compli-
cated technique was used for studying the shape of the P wave from remote
earthquakes. The similarity of shape was studied in three frequency ranges:
up to 1 llz, from 1 to 1.5 Hz and from 1.5 to 3 Hz; to do this, three numerical
Ffilters were introduced into the program for calculating the correlation
coef'ficients, and as a result of filtration, three signals -~ P (t), Pp(t)

and P3(t) -- characterizing clearly bounded spectra, were derived from

each signal P(t). '

The correlation coefficients were calculated for two groups of earthquakes
in intervals of epicentral distances of 3000 km <A < 10,000 km and 4>10,000 km;
the latter interval corresponds to registration of the PKP wave.

For the first group of earthquakes the coefficients of correlation of shape

were calculated as well from wide-band recordings -- from 0.5 to 3 Hz (Fig.
62).
", Fig. 62. Correlation coefficient for

P S

shape of recording as a function of the

»+4 distance between stations of the North
Kazekhstan group from wide-band
14 »f (0.5-3 Hz) recordings. See Fig. 52

for explanation
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in the form ol Lhe avernpe values ol the correlntion coeffielent us n
Munct.ion of the distance between statlons Ayy and are shown in Fig. 63,
The Endividun] value wers nyepaped over Lhe dintnnee intervals Apy that
are shown by Lhe horizontnl tines.  'the solid vertienl 1ine shows the ‘fod
cont'ldence interval for evaluation of the average, and the broken line ==
for the individual values,
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Fir, 63. Coefficient of correlation of the shape of a recording as a function
of distance between stations of the North Kazakhstan group: a, b, c-=for the
interval of eplcentral distances of 3000 <A <10,000 km, P wave; d, e, f--for
the interval of epicentral distances A >10,000 km, PKP wave; a, d-~-frequency
interval of 1.5-3 Hz; b, e~-1-1.5 Hz; ¢, f--less than 1 Hz. See Fig. 52 for
explnnation

For earthquake: from the teleceiamie region 3000 <4 < 10,000 km good spatial
stabitity of shape is obuerved in all the investigated frequency ranges.
For frequency bunds of 1.5-3,0 Hz and 1-1.5 Hz the graphs have identical
behnvior, but. on a higher level in the latter case. The decline in the
correlation coefficient with an increase in Agy up to 30-60 km should be

- attributed to the characteristic inhomogeneity of structure in the locality
ot the stations of the North Kazakhstan group. There is a striking feature
in behavior of the correclation coefficient in the frequency interval below
1 ifz within the limits of this same range of epicentral distances: compara-
tively high correlation of long-period components of the recording at
distances of morc than 30 km between stations.

132

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010044-1

FORCOFETCIAL DSE ONLY

Compnrimg the resultn with data of other authors (see Fig., 5 and 61), we are
convinced thut the general nature of the ppatial structure of the P wave
colheldes 'or vasentinlly different reglons of the earth. Actually, as we

can gee rom Fig, 63, the correlntion of sipnals at points of reglatration
decreades with increasing distance between them. At the seme btime, following
n relative minimum {n the correlation of signals at distances of the order of
Y0="10 km (for frequencies of 1=1.5 Wz and distances of 3000 <A < 10,000 km) one
observes a comparatively strong increase in correlation at dintanees about
twice no great,

Attention should also be gliven to the change in positions of the minimum and
mnximum of the drop and spike in signal correlation as dependent on frequency
and wave type,

We con attempt to explain the {ndicated peculiarities in the behavior of
K(A ) on the busis of the following concepts. When o P wave propagates in
n mn&lum with inhomogeneities that are randomly distributed, fluctuations are
ohserved simultnneously in the amplitude nnd phase of the wave., This fact
muy be due to Lhe superposition of waves formed on inhomogeneities of the
medium on the primary P wave. As a result of such superposition, fluctuations
nrise in the form of a train of oscillations of the P wave that are registered
nt the beginning of the recording. Gradual attenuation of correlatedness of

: signals with an increase in the relative distance between stations charac-
terizes increaning disparity of the parameters of inhomogeneities in the
structure of the medium directly beneath the stations. The observed minima
and maxima of correlation of signals are associated with the effect of the
mosit pronounced inhomogeneities, which are probably fairly extended and
abrupt rises and drops in contrasty seismic boundaries.

The yrentest contribution to the formation of the wave registered on the
open surface is made by a certain region of the interface beneath the station
with effective dimensions that can be represented by an ellipse with semimajor
axis equal to

tlﬂ' l/ “Siny *

whepr Vois the velocity of  the wave, T is the period of the wave, H is the
nveraie depth of the interface, ¢ is the angle of incidence of the wave on
the interfuce or the aungle of inclination of the interface in the case of
normnl incidence of the wave (Fig. 6h).

Fig. 64. Diagram of the influence that the
” relief of boundary M has on propagation of a
P wave: a, b, c, d-~sections of boundary M;
” ~ y--angle of incidence of the wave on the
boundary
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Obviously the nature of the action of boundary M on the parameters of a P wave
will be connlderably different for cases where the ellipse with semimajor
nxis Ry vovers nections a, b, ¢ and d respectively, 'This will show up in
the behavior of the correlution coefficient rfor the corresponding pairs of
replutered slgnaln. According to avallable information (Vol'kovskiy, 1973)
the shape of the reliel of boundary M in Northern Kazakhstan where the group
ol neiomie stations was loeated corresponds to the diagram shown in Fig. 6h,
Let us earry out simple enleulations that will glve quantitative estimates
of the posnible fluctuations in waveshape. We will assume that the average
1 depth of occurrence of boundary M is H =50 km, and the veloeity of a wave
i6 Va8 km/o, T=21 0, y=50° For sueh ronditions the effective dimensions
of the medium that pluys an essential part in formation of the P wave train
sre determined by the quantity 2Ry » 60 km.

This means that for average characteristie dimensions of undulations of
boundary M of the order of 60 km the coefficlent of correlation for a P wave
with period of 1 8 may have a sharp drop (minimum) in the interval of
distances between stations of 50.70 km, and a rise (maximum) at distances

of the order of 120 km.

Annlopous constructions ean be done for evaluating the influence of the
basement boundary, which occurs at an average depth of 5 km with veloelty

of horizontal wave propagation of about 6 km/s, 2R} ®12 km, which also
aprvees with the behnvior of the function of spatial correlation of waveshape.

AL Lhe same time, sccording to the considerantions presented above, the
jositions of the relative maximum and minimum of the function of spatial
correlation should shift with increasing period of the wave toward greater
values of relutive distances between stations of registration, which is
probably Just what happens in reality.

A clusc relation between the correlation of shape and frequency is also
observed for PKP waves recorded at distances of more than 10,000 km from

the source. 1t should be noted that the spatial stability of the recording
inereases with a reduction in frequency: for the low-frequency range one
observe: the highest values of the correlation coefficients. This is
appirently due to two circumstances. In the first place the PKP wave
appronchies the proup of ucismic stations practically from below, and therefore
the seetion of its path through the upper part of the medium that is charac-
terized by increased inhomogeneity is shorter than for the P wave. In the
second place, the predominating periods of the P wave are longer than for

the UKP wave, and therefore the major part of the energy of the signal is
voncuntrated In the frequency band below 1 Hz; in the processing system used,
the sipgnni-to-crror ratio of the measurements of experimental data was com-
paratively low.

An examination of the averape level of spatial correlation within identical
bands (see Fip. 63) shows that some reduction of correlation with increasing
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epiventernl distaner T observed for the interynl of' 1,Y=3 ey for the
Interval of 1=1.% Hz the level of correlntion is in a ranpge of 0,5-0.8,
beinyg, appreeiably higher for the teleseinmlie region than for the inter-
mediate zone and the distant zone (KD wave). In the frequency interval
below 1 02 norepualne inermie L obierved in the spatinl ecorrelation

ol Lhe Fipsth wavee with an fnerense fn epicentral dlstanee.,

A common typleal feature of all graphs is also a weakly expressed rise in
the reglon of Ai) £ 10 km, which in all probability is associated with the
appearance of inhomogeneities sltuated in the very topmost layer of the
earth's crust,

The Central Tyan'-Shan' Group of Stations. The transverse spatial corre-
lation of the shape of the P wave was estimated from recordings of 37
carthquakes from different epicentral regions., For each earthquake, in
aceordance with the method described above, the matrix of the correlation
coefficlent was calculated for the shape of the signal recorded on the
vertical component. 'The interval of relative distances bvetween recording

stations varied from 2 to 30 km. ‘The epleentral distances ranged from 3000
to 9000 km.

Shown {n Fig. 6%5a is the dependence of the correlation coefficient on the
distance between seismic stations, and in Fig. 65b == on the distance between
the epicenters of earthquakes.

| Tt _['ﬁ"l'lrﬂ‘ﬁ

2 Adosdanl Addld 1
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Fig. 65. Dependence of the coefficient of correlation of shape on the
dintance between stations (a) and between epicenters (b) from observations
on the Central Tyan'-Ghan' group. See Fig. 52 for explanation

For the function of spatinl correlation as related to the distance between
vpicenters of earthquukes, spikes and drops in correlation of the shape of
the ' wave are noted at distances of 1500, 3500 and 5000 km. The general
form of Lhe relation and the location of the characteristic peculiarities
weree well with the datn on other regions of the world (see Fig. 5), as well
s wilh the data on f'luctuations of the amplitudes and travel times of the

I' wave that are pgiven in the preceding chapter.

The correlation function for the shape of the P wave as dependent on the
distnnce belween seismic stations, Just as in the preceding cases, shows a
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Lendeney Lownrd pendund nbbenunbion with inercasing relative distance between
shations.  Morecover, o comparatively clear minimum in correlation is observed
in the vieinity of B=11 km. It ecan be assumed that this minimum on Flg. 65a
arises under the Influenen of undulations of a sharp seismie interface in the
uppermost part ol the earth's erust, and the nature of the overall decline in
eorrelation i a manirfestution of the patterns of distribution of inhomoge-

neities {n the erust and mantle like what Ls noted in other station groups.

The Garm Station Group. 'Me dependence of the correlation eoeffielent on the
relative distance between seismie stations (Fig., 66) is found from the data
oft 18 earthquakes with epleenters situated chiefly in the seismically active
rogions of the Pacifie Ocean belt. fThe distance between recording stutions
did not exceed 2% km.

A,
’ Py, 66, Dependence of the coefficient of

_i“f‘t-f‘f.f'f correlation of shape on distance between

stations from observations on the Garm group.

LY See Fig. 52 for explanation

"

bedoddadeded
T A Y A ']

'4

dy, (1)

Comparing the data of the Garm group with the data of stations of Central
Tyan'=Chany, we ure convinced of their identity. The decline in correlation
of' the shape of the P wave is somewhat weaker in the 12 km region, which

mny be due to a less sharply pronounced boudary that is tracked in the upper
part of the earth's crust.

The European Station Group. To evaluate the spatial correlation of the
shape of the P wave, recordings of 33 earthquakes from different epicentral
regions were used. 'The matrices of the correlation coefficients were calcu-
lated for each earthquake, as in the other cases. 'The distances between the
rccording stations varied from 3 to 100 km. ‘The epicentral distances were
3500-10,000 km. The resultant data are shown in Fig. 67 in the form of
relations for the correlation coefficient as a funetion of the relative
distunce between stations (Fig. 67a) and the relative distance between the
cpicenters of carthquakes (Fig. 67b).

et || oyt

Adeadaas hmdedd 2 1a) aaaal NI BT
YL I N eI W ON 1w A 4
‘y,ln

Fiy. Gf. Dependence of the coefficient of correlation of shape on distance
between stations (u) and between epicenters (b) from observations of the
BEuropean group. See Fig. 52 for explanation.
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Amnlysic of the resultant dnta shown (Fig. 67a) that in the locality of
stabions ol' the Buropenn group Just as tn Lhe vieinity of the North Kazakhstan
stution group the decline in correlation of shape of the P wave is most
pronounced In the replon of 50-60 km, us is the rise noted in the region

clove to 100 km, The drop in the function of spatial correlation in the

vielnity of 10-12 km that is noted in other reglons is practically unexpressed
in this case.

In this connection we may ussume that in the locality of the European group
of stations by analopy with the region of North Kazakhstan there are probably
variations In the dpeth of occurrence of the Mohorovi®ié discontinuity, which
uccording Lo the data in the literature (Belyayevskiy, 19Th; Pavlenkova, 1973)
lv nituated here at an average depth of L0-U5 km,

The graph shown in Fig. 67b for the coefficient of correlation of shape of

the I' wave us u function of the distances between eplcenters demonstrates the
swne ntable coordination of drops and splkes in correlation that is observed
in other replons. Against the backpground of a general decline in the function
of spatial correlation that asymptotically approaches a level of 0.5, one
observes relative minima of correlation for relative distances of 1500, 3500,
5000 and 9000 km and correlation spikes at 2000, 4000 and 8000 km.

. The Zeysk Station Group. Data on the Zeysk group of stations were found as
a result of processing recordings of 16 earthquakes of the Pacific Ocean belt.
Epicentral distances are 3000-6000 km. The relative distances between
stations varied from 2 to 20 km. The results of calculations of the
correlation matrices are shown in Fig. 68 in the form of the dependence
on distance between seismic stations.
4y
4

Fig. 68. Dependence of the coefficient of

i lllifffﬂti1i_r correlation of shape on the distance between

stations in the Zeysk group. See Fig. 52
4/ for explanation

L R R R R
‘0,“
Annlysis of these datn shows that in the locality of the Zeysk station
frroup one observes two relative minima of correlation confined to relstive
distances of U and 7 km.

The overall decline in the relation K(AiJ) toward 20 km takes place more
intensively than in the regions considered previously. It can be nssumed
that the rclative minimum in the function of spatial correlation that is
distinguished in the regions of the North Kazakhstan and European groups
of stations in the vieinity of 50-60 km will show up here at somewhat
closer relative distances.
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Discusslon of the Results

- The third part of the monograph has presented experimental data on the

- sputial structure of fluctuations in the characteristics of a longitudinal
wave, 'The nuthors set themselves the problem of evaluating the characteristic
gcales of major structural elements of the wave field and showing their
relation to correnponding inhomogeneities in the inner structure of the
depths of the earth.

To pget datn on the ratio of typleal scales of elements of the wave field,
intormntion was used on deviations from the average (standard) values .of
amplitudes, travel times und the shape of the longitudinal wave as provided
by deep seismic sounding on temporary expeditionary stations in different
tectonle provinces of the Soviet Union.

The maln procedural technique on which the study of the fine structure of
the P wave {s based, consists in evaluating the stability of deviations from
averyge fluctuations of kinematic and dynamic parameters of the wave field

us o function of the relative distances between recording stations or between
the epicentral regions of earthquakes.

Conventional methods of statistical processing of experimental data were
used for quantitative evaluation of the stability of deviations. In par-
ticular, extensive use is made of correlation and structure functions.

As u result of the studies it was found that the spatial structure of fluc-
tuations of such elements of the wave field as amplitude, travel time and
shape of the longitudinal wave have distinet characteristic scales. The
coneept of scale in the given instance is arbitrary, and has the following
conceptual sipnilicance. The depths of the earth are characterized by such
a tbtructure that in the selection of a pair of recording stations or a pair
of seiumic sources on the average one will observe an increase or reduction
in the deviation of wave parameters from certain standard values if the
relative distances between corresponding pairs satisfy the observed spatial
scales. Table 30 summarizes data on the spatial scales of elevated and
reduced values on the average in fluctuations in the parameters of a longi-
tudinal wave. Fig. 69 summarizes experimental data on the spatial corre-
lation of the shape of the longitudinal wave.

It is rather difficult to give an unambiguous quantitative interpretation

of the scales differentiated for the fluctuations in parameters of the P wave
and to draw uspecific conclusions on the structure of the depths of the earth.
At the same time, the resultant data give such clear evidence that the
voincidence of the characteristic scales of fluctuations of elements of

the wave field that are distinguished in different tectonic provinces is

not anccidental, that we must accept at least their qualitative relation to
inhomogeneitien of' the internal structure of the earth. .
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TABLE 40

Characterlotic spntinl seales of elevated (max) and depressed (min)

valuen of deviabtions from average (standard) fluctuations of the

amplitude 66 1g A and travel times 88t, and also in the values of
the coefficlent of correlation KiJ of longitudinal waveshape

Lad
(‘2 \ &7 Npeerpanctoennioe usemradu (aw)
(-1 [ Wiga
ey : =
man min ma mia me min
( 3 )Ilu DMNMHUM PICCIOANNAN MemLy CTANUNANN
h Xm tepputopus CCCP 350600 w0 f220) GOU—=1000 §500-=2000
5}- 1200-300 2200~ {AR) ARN-S00) S B000 - -
-.nEon!Icnl naers - — - -~ 10=12
6CCP 50~80
lhupnnl Kasazeran - .a 50--80  120=150 100=140 810
h 5010
T Kempwu Tamelllins 30500 Bomi) 5=t $8-75  120-1%0 o0
8% 100-~200
ul‘cnwmwl Tans- - - 5060  45-% - 10-=12
L pL Y 0080
9 )l'lpuunl paon — ~ - - - 1012
( 10 ’dcnl pafton - - - - - 4=1
. {11 )n0 Mexay P L
l‘)ntl Teppatopus CCCP - - 20003000 - -,
5 ) 70000000
Esponefcuan  vacrs - - - - ~2000 ~1500
Ccee ~400 ~300
~8000 ~%000 -
9 Caseprud Kasaxcran - - - 8000—7000 = -,
Cevepund Tamv-Uswh 800010000 3000 17002000 ~ {000 - -
4000 =500 22004000
S)wnwanuul Tans - = 2000300 300-4000 ~2000 ~1500 .
L 4000--5000 S000—8000 ~4000  ~3500.
6000-~7000 70008000 ~3000

KEY: 1--Spatial scales, km

2--from data of the KSE station group

3--with respect to the relative distances between stations
h--lintire territory of the USSR

Y-=buropean part of the USSR

O-=Northern Kaznkhstan

f==Northern yan'-than!

H--Central "yan'-than!

Y==Garm region

10==Z0cysk region

ll--with respect to relative distances between epicentral regions

In the first part of the monograph we already discussed the fact that the
distribution of physicochemicul properties of the depths of the earth is
characterized primarily by radial inhomogeneity. The most contrasty changes

arc associated with zones of juncture of the sedimentary sheath with the
consolidated crust, the region of contact between the lithosphere and the
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Fig. 69. Summary of data on spatial correlation of pulse shape of a P wave:
l--from the work of V. Din (1965); 2--B. Jansson and E. Husebye (1968); 3--
stutions of Central Tyan'-Shan'; L--Northern Kazakhstan; S5--the European
part of the USSR; 6--the Zeysk group. See Fig. 52 for explanation

asthenosphere, the transitional region between the asthenosphere and upper
mantle, the region of juncture between the lower mantle and outer core and
the boundary between the inner and outer core. Hence the radial distridbution
of physicochemical properties emerges as the most contrasty inhomogeneity of
structure of the depths of the earth on a global scale.

‘The horizontal changes in radial inhomogeneity that are largest in scale
correspond to repions of the earth of the ocean-continent type. In this
connection, the considerable changes in structure of the interior of the
carth are associated with the outer shells: the lithosphere, the astheno-
sphere and the transitionanl zone (The Upper Mantle, 1975; Nature of the Solid
Bnrth, 1975%). llorizontul variations in the structure of the inner shells at
present arc hypotheticul to a certain extent.

Showing up with greatest contrast are horizontal variations of radial inhomo-
rreneity on the regional and local scales that are associated with variability
of the physicochemical properties of the lithosphere and asthenosphere. At
present they can be studied by methods of seismological profiling and deep
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selsmic sounding. Heglonal and local seales of inhomogeneous strueture of
the depths of the earth are the least of those that can be distinguished in
analysins of the experimental materiuals obtained by the KSE.

Obviously the detall of investipgation of the inhomogeneous strueture depends
both on the resolving capaclty of the system of observations and on the detail
of analysis of the wave pattern. 1t can be assumed that the detail of our
analysis for the case of the densest groups of stations of the KSE permits
differentinting an inhomopenelty of the medium with linear dimnesions of at
leagt 3-5 km, Therefore fromherc on we will consider only those detalls of
the wave fleld that considernbly surpass the detall of our plots with respect
to the region of truaecking.

The least of the distinguished spatial scales of fluctuations in parameters
of the P’ wave 18 10-12 km. As 'Table 30 shows, this scale 1s obtained from
datn of fluctuations in the shape of the P waves on the densest groups of
stations of the KSE. 'The given senle is expressed with rather high contrast
and is repglonally stable. The proposals introduced in Chapter 2 imply that
this scale {s determined by inhomogeneity of the structure of the very

topmost part of the earth's crust bounded by the surface of the consolidated
basement. Consideration should also be taken of the fact that in interpreting
the fluctuations of parumeters of the P wave in terms of inhomogeneous struc-
ture it i importunt to make a joint analysis of data on variation of veloci-
ties and the geometry of seismic boundaries. Frequently the examination of
the geometry of the interfaces alone may not reveal the causes of fluctuations
in parameters of the P wave on the given scale.

Lnhomortene tty of structure may show up entirely in the change (variation)
of velocity alony a boundary that is geometrically not expressed (Puzyrev et
al., 1975).

The next typical scale of fluctuations of parameters of the P wave, equal to
45-60 km, can be assumed to be caused by inhomogeneity of the lower part of
the earth's crust and the lithosphere, and as in the preceding case is like-
wise a consequence of spatial variation of geometric, velocity, and inelastic
characteristics of media. This scale of inhomogeneities shows up with
rrreatest contrast in fluctuations of the parameters of the longitudinal wave:
amplitude, travel time and pulse shape. Particular attention should be

¢iven to the fact that the spatial scale of fluctuations of the order of
45-60 km is onc of the most contrasty, and is distinguished within the limits
of all investiputed territories. Therefore we can expect its occurrence in
both continental and oceanic regions. At the same time, with a transition
from a continental to an oceanic type of lithosphere this scale is probably
transformed to a scale of the order of 12-h5 km.

A sputial scale of 100-200 km is distinpuished from data of fluctuations in

the amplitude and shape of the P wave, and is apparently due to the influence
ol' inhomogieneous ustructure of the lithosphere, the zone of its juncture with
Lhe asthenospherc, and even the asthenosphere itself. The comparatively wide
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Fimiting boundnrien of the senle of fluctuntions show that it ean be stipu=
luted speeifiendly in each loend replon.

Comsider for example the dutn on vecond differences of amplitudes 68 1g A
found In North Kazakhstan (see Fig. 56). PFlrst we look at the relation
between 88 1 A and dintance between stations (see g, 56a). 1t can be
assumed that the minimum of values of 88 1g A ip assoeiated with a 120 km
churacteristic seule of horizontal inhomogeneities in the loeality of the
stution group. ‘The contribution of these inhomogeneities to fluetuations of
amplitudes is o881 A~0.2, L. e, the "signa" interval reaches about 7% of
the average value of fluctuntions in the amplitude of the P wave, which
shows comparatively hipgh contrast of inhomogenelties of this scale.

Consider now the way that the second differences of the logarithm of the
amplitude depend on the dlstance between eplcentral regions. ‘the outward
simtlurity of the graphs In Fig., 56a and b is striking. ‘here are grounds
lor assuming that they have an intimate genetic relation. As a matter of
fact, both relations were found from the same data. If we imagine a ray
dlugram for each such system of observations, it will be clear that there is
u fan of rays that converges in the locality of the recording stations and
diverpes toward the eplcentral regions. The first plot was constructed

with the use of fans of rays converging toward each separate station, and

the second == with the use of fans converging toward each separate epicentral
region. Thus in both cases the same processing scheme is used; however, the
proportions of the resultant relations are determined by the relation between
the repions of location of the stations and epicenters.

[t can be assumed that the characteristic minima on both plots are genetically
relaled and that the ratio of the characteristic scales is thus ~6000/120 =50,
Since the epicentral distances average 6000 km, a rough estimate can be made
of the depth of occurrence of inhomogeneities that correspond to the differ-
entiated characteristic scales of fluctuations. By dividing an "average" ray
Joining the eplcentral regions and group of stations in the ratio of 1/50,

we find that the inhomogeneities are situated at a remove of about 120 km
along the ray from the group of stations, or at a depth of about 100-110 km.
At such a depth of occurrence of inhomogeneities it can be expected that the
dimensions of the region that essentially determines the fluctuations in shape
of the P wave pulse correspond to 2Ry #60 km.

I the relations for the second differences 68 1g A for the North Tyan'-Shan'
stat.ion rroup are analyzed in a similar way, it turns out that the inhomo-
seneities beneath this group are at a remove of ~6000/(3000/200) =400 km along
Lthe ray, or at a depth of 370-380 km. 1In this case the characteristic
dimension of' inhomogencities is 2Ry » 120 km.

A wais shown in Lhe second part of the monograph, within the limits of
Northeen Tyan'-Shan' the phase transition (350-400 km) (Nature of the Solid
Farth, 197%) is at u depth of 370-390 km.
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Thun 1t enh be uosumed that a spatial seale of 120=200 km in fluctuations of
the paramcters of the P wave is associnted with inhomogeneities of the region
ol' physleochemienl phase transitions in the upper mantle,

The spabial seales of rluctuations in parameters of the P wave that exceed
the dimenslons of repgional networks of stations are determined from mixed
correlation and strueture functions since it was difficult to mateh up a
suftlelent number of palrs of stations thet satisfy the construetion of
purely transverse or purely longitudinal functions. 'he same thing applies
to the datn on eplcentral repions. 'This circumstance impedes the determi-
nntlon of the nature of the differentinted charancteristic seales.

It can be cxpected that consistency of the spatial scales of fluctuations of
phase, smplitude and pulse shape of the P wave provides the basis for hypo-
thetical notions on correspondence of the spatial scales of inhomogeneities
of the structure and fluctuations of the parameters of the wave field.

The spatial scale of fluctuations of the P wave of about UOOO km are dis-
tinguished with the greatest assurance. It seems that the scale is a mani-
festution of a structural element of radial inhomogeneity in the upper
mantle that is associated with a phase transition at a depth of about 580 km.
For an average relative distance between stations and epicentral regions of
about 6000 km it should be expected that the corresponding spatial scale of
fluctuations in the parameters of P waves according to data of epicentral
regions will be observed at distances of the order of 7000-9000 km. Such a
scale is indeed observed for the Central Tyan'-Shan' stations over the
entire territory of the USSR, 'These data confirm the relation between the
the spatial scale of' fluctuations in the parameters of the P wave and inhomo-
veneity of the structure of the transitional zone of the upper mantle in the
vicinity of the 680 km boundary.

Thus analysis of data on the spatial scales of fluctuations of amplitude,
truvel time and shape of the P wiave as differentiated from materials obtained
by the KOE on groups of seismic stations shows their genetic mutual relation
with inhomogeneities in the structure of the lithosphere, asthenosphere and
the transitional zone of the apper mantle of the earth. As a result we can
speak with assurance of the {'act that horizontal variations in the radial
inhomogeneity of the earth are confined to regions with the most contrasty
physicochemicnl transitions: along the Mohorovi®i¢ discontinuity and the
zone of transition between the lithosphere and the asthenosphere, in the
region of Juncture between the asthenosphere and the transitional zone of
the upper mantle and at the bottom of the transitional zone.

IV. RELATION BETWEEN THE AMPLITUDE PECULIARITIES OF SEISMIC WAVES AND
GREOLOG T CAL-GEOPHYSTCAL FIRLDG

The variation: of amplitudes of recorded seismic signals may be caused by
variouws factors ansociated with the internal structure of the earth and
distributed aloms the cntire path of a seismic ray. These factors can be
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nebiLrnelly divided tnto three groups. Tn the frst place the amplitude of
u recording may be Influenced by geologlenl surface conditlons in the locality
ol' reglstration: the composition of the rocks on which the seismic recelver
it mounted, their eracks, physical properties, thickness of layers and
teome by of the interface and the like, 1In the second place, the structure
of the lower part of the earth's erust may have a certain influence, in
particular, the depth, ineclination and clarity of manifestation of the
Mohorovi¥ié discontinuity. In the third place the dynamie characteristics
of seismic waves mny be Influenced by horizontal variations in the structure
- ol the earth's mantle. 'The very existence of these variations shows up in
selomolopical, electromagnetic and pgravimetric studies., However, investi-

sutions of this type have been undertaken for only a small number of
territorles.

Datn on the pgeoloplicsl and tectonic structure of the earth's crust give a
meneral idea of the physical properties of rocks and the spatial structure

of' Inhomogeneities. ''he most appreciable changes in the seismic parameters

of" the medium -~ the velocities of waves and inelastic characteristics --

ure obgerved in zones of tectonic ruptures and breaks. These zones frequently
have o consideruble width comparable With the lengths of seismic waves, and

a large horizontal extent (up to several hundred kilometres) and go to a

depth of several tens of kilometres.

The relation between the dynamic characteristics of seismic waves on the

one hand and geological and geophysical fields on the other has been poorly
studied so far. Given below is a comparison of the magnitude corrections of
selsmic stations with anomalies of the gravitational and magnetic fields, as
well an the position of seismic stations relative to the zones of tectonic
breaks.

Chapter 1. Investigation of the Way that Amplitude Peculiarities of Seismic
Waves are Related to Gravitational and Magnetic Anomalies of the Territory
of the USSR

1. General information on gravitational anomalies

The anomulous gravitational field is the sum of the gravitational influences
ot anomalous (i. c. differing from certain standard) masses distributed in
the body of the earth. The greatest contribution to the observed anomalies
of the force of gravity is made by the influence of dense inhomogeneities of
the upper part of the cross section (the earth's crust). The influence of
the earth's crust on the gravitational field is eliminated to a great extent
by introducing topographic-isostatic reduction. The isostatic anomalies of
the force of gravity that are obtained as a result are associated with
disruptions of isostatic equilibrium (on the average this equilibrium holds
to an accuracy of at least 90%) (Lyustikh, 1957) and with inhomogeneities of
the crust not taken into consideration in introducing the reduction, as well
as with the Influence of density inhomogeneities in the mantle. The results
of numerous studies of isostatic anomalies show that the anomalies that are
asvocianted with disruptions of isostasy and density inhomogeneities of the
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crust have a pronounced local nature with respect to area. On the other
hand, lsostatic mnomalies that are large with respect to the area occupied
cannot be associated with disruptions of isostatic equilibrium of the litho-
gphere since such disruptions will recover very quickly (on the geological
time scale) because of the low viscosity of the asthenosphere.

In this connection the asthenosphere is understood to mean the layer of
reduced viscosity in the mantle of the earth whose existence is deduced from
the advent of isontatic equilibrium in regions of current and recent glacia-
tions (Artyushkov, 1970) as well as in other regions of ebrupt change in the
external loading on the carth's crust (Artyushkov, 1971). The asthenospheric
layer is usually identified with a layer characterized by relatively low
velocities of seismic waves -- o seismic waveguide (Gutenberg, 1963).

The wnomalous masses situated below the asthenosphere may exist for a long

time, and large regional anomalies of the gravitational field are associated
with them.

These anomalies can be distinguished from isostatic anomalies through the
corresponding transformations of the field.

A map of repional isostatic anomalies in the force of gravity of the USSR has
been obtained by averaging isostatic anomalies of the force of gravity over
squares of 550 x 550 km. Such averaging practically eliminates the gravi-
tational influence of masses located down to depths of several tens of km.
Thus the repional anomalies shown on the map are due to masses distributed

in the mantle of the earth. Among these anomalies, planetary and zonal
anomalies can be distinguished. The planetary anomalies cover areas of tens
of millions of square kilometres. Sections of three such anomalies extend
into the territory of the USSR. The first of these covers the European part
of the nation. This is a region of positive values covering all of Europe,
the North Atlantic and Africa. The second planetary anomaly covers a con-
siderable territory of the asiatic part of the USSR, and then extends across
Northern China and India into the central regions of the Indian Ocean. The
third planetary anomaly within the borders of the USSR covers the eastern
regions of the nation -~ from Chukotka to Primor'ye [the Maritime Provinces].
This anomaly is part of a region of positive values that can be traced in
the peripheral areas of the Pacific Ocean zone.

Apainst the background of the enumerated extensive planetary anomalies one
can distinpuish regions of smaller area of relative maxima and minima with
characteristic dimensions of the order of a thousand kilometres. Such
anomalies are called zonal.

There is a difference of opinion on the nature of zonal and planetary
anomnlies and on the depths of occurrence of the bodies that cause them.
It imates made by V. N. Strakhov and M. Ye. Artem'yev (1971) showed that

sources ol zonal anomalies are situated at depths of about 150-200 km.
It can be assumed Lhat they are associated with a change in the depths to the
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underside ol the nathenosphere or with density nhomopgencitien direetly
penenth Lhils boumdney o 'The shnpe oft the planetary nnomnlics Lo such that
Lhe masses causing them may elther be loeated at any depths in the mantle of
the onrth, or they may be cnused by even slight perturbations on the boundary
of the enrth's core,  Gravimetrice doata nlone are lnsufficlent to determine
their nature,  However, there are grounds for assuming thut the planetary
anomalies or considerable parts of them are associanted with depths in the
mantle thnt are not very prent, 'This in shown by the correlation of the
values of anomnlies with heat flux from the depths of the curth: elevated
hente Pluges greavitate townrd zones of pravitational minima., 'The results of
elecbromaenetic studien done In the southern regions of Hiberia show that in
reprions of nepgative repionnal anomallies one observes an elevation in the
toundury of the conductive layer located in the upper mantle. This is
apparently due Lo the higher temperature of the depths in these regions.
The Asintie replon of nepative annomalies coinclides spatially with the
io-cnlled sone of neotectonie activation. According to the views that have
become popular In recent yenrs, there are large-scale convective movements
in the depths of the earth, It can be nssumed that the planetary minima
ot the pravitational fleld are associated with reglons where anomalously
heated masses of deep-level material of comparatively low density rise to
the surfnce of the earth,

Gelsmologleal rescarch (Antonova et al., 1968) has shown that there is a
reerion In southern Pribaykal'ye that is characterized by low values of the
velocltbies of seismic waves in the upper mantle. This region is situated
close to the axinl part of a planetary gravitational minimum.

“hus there are prounds for thinking that negative planetary anomalies are
nrnoelnted with low=density, and hence low-velocity masses located at com-
paratively shallow depths In the earth's mantle.

We do not yet have data for any kind of estimate of the factors capable of
producing anomalies in the propagation of seismic oscillations. However,
it can be assumed from general geological-geophysical considerations that
the uppermost levels of the mantle are most inhomogeneous, and it is these
inhomopeneities that must distort the parameters of seismic waves. The
wnomalouws sections of the mantle to a considerable extent are reflected by
repionnl anomalies of the pravitational field.

2. Investigation of the relation between gravitational and magnitude anomalies
on the territory of the USSR

Ceismie waves from remote sources have nearly vertical angles of emergence,
an’ thorefore magnitude corrections will be primarily influenced by the
ditfrerences in Lhe structure of the upper mantle in a comparatively small
vicinity ol' the recording stations.

Theuse considerations were the basia in sceking the correlation between
maenitude corrections Am and repional gravitational anomalies Ag.
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In nccordnnee with the nature of varlution in the gravitationnl fleld the
Influcnen that the structure of the upper mantle has on values of am (1f it
exiota) should change fairly smoothly, 'There i no doubt that loeal geo=
Logienl pecullnrities off an individunl station cun strongly distort the in-
fluence of' depth factors. ‘These loeal perturbations may to some extent bhe
suppressed by calculutlng the avernpe values of amplitude corrections am
within the limits of certaln territories. '"The dimensions of such terri-
tories were determined in necordianee with the netual relative loeation of
stations unified into groups, and the charncteristic peculiarities of the
Field of reglonul pravitational nnomalics. 'he stations of observatlons
were nasocliated into 18 groups,

The number of stations in the groups {s different: from two to fifteen.
Bipht lsolated stntions were considered separately. Data on the gravitational

field of the territory of the USUR were token from a map with scale of
110 000 000,

It is diffienlt to mnke n predeterminntion of which parameters of the gravi=
tational and selpmie fields are most closely interrelated. 1In and of itself
Lthe magnitude deviation depends to a considerable extent not only on the
structure of the medium in the vicinity of the seismic station, but also on
the conditions of propugation of selomic energy on the entire route from the
focus to the selsmic reeeiver. Mapnitude deviations differ considerably for
different epleentral regions. To reduce this influence, magnitude deviations
woere considered for enrthquakes only from the northeast direction.

The valuen of the gradient of nnomalies to a certain extent reflect the
varinbility of propertics of the mantle, and therefore it is advisable to
nttempl Lo correlate the station values of Am with the values of the deriva-
Live of the gravitationnl field or the absolute value of the horizontal
rradient of the field in the directions to the epicenters of earthquokes.

On the banis of analysis of relutions for Am as a function of the values of
Lhe anomnlies Ap, the horizontal derivative (change of the field in the
direction to the source within the limits of a base of 150 and 300 km) and
the modulus of the derivative, it can be confidently stated that the values
of Am are not reluted to the values of horizontal gradients (K=0.1). A
very weok relation is noted between the values of Am and the absolute values
of the derivative {K=0.3).

R Fiyr. 70 Relation between the magnitude correction Am
RN e and the smoothed value of the isostatic anomaly of the
AN (I . force of pravity Ap for the territory of the USSR:

'“\-"V.\43 @ 4grer ) le-individunl scicmic station; 2--group of stations;
\.. S ﬁ«\ .7 3--repsion of values for stations of Siberia, Asia and
Nl o™y o] the Caucasus; Meat = mgal
N o ;O
N ",’
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e 10 shows Lhe relablon between the pvornge valuen of Am and the smoothed
voluer ot fsostabie nnomilles of the force of pravity &g in the localities
of nn Individunl atntlon or groups, As one ean see from Flg. 70, a tendency
f5i observed townrd noreduction in the amplitude corrections with inerensing
viiluest o As - The eoel'fielent, of correlntion between Am and Ag for groupn
of sbations is equal Lo 0,95, 1t should be noted that 1 we eliminate the
stations situated in the Buropean part of the USSR from consideration, the
conltieiont of eogreelnlinon fneremses to 0,81,

thus the average values of' Am for groups of stations situated in Asia und the
Canensus are closely correlated with the values of anomalies of the pgravi-
tabionul rield due to density inhomogencities in the mantle of the earth,

Figs (0 also shows the values of Am and Ag for isolated stations. Some of
them sntisty the penoral relation found for the groups, but a number of
points devinte strongly. 'The coefriclent of correlations between Am and Ag
culeuluted Jointly for proups and individual stations (all values being taken
- with idzntical weight) was equal to 0,2, However, the closeness of the
relation between the quantities Am and Ag in the given case is worsened only
by sbations situated in the Huropean part of the USSR, 1f we eliminate from
considerntion both the groups and the individual stations of this region,
the correlation coefficient is equal to 0.75.

Thus for extensive replons of Siberia, the Far East, Soviet Middle Asia,
Kusnukhisban, the Urals and the Caucasus, where 16 groups of stations and &
Individunl stntions were located, a fairly pronounced relation is observed
between Am oand Ap. Consequently the distortion of the seismic signal may
intensity with increasing intensity of negative anomalies.

Within the limits of the investiguted territory this might be associated with
the presence of a comparatively extensive anomaly with anomalously low
density in the mantle, and probably one that has anomalously low velocity

of' seismic wave propagation.

Of undoubted interest is the question of why the observed relation is dis-
rupted for stations situated in the European part of the nation. Apparently
the sitations in the European part of the USSR are too far away from seismic
sources Jocated in the northeast, and earthquakes of other regions should be
wied Lo pret prood results.,

An anndysis of the dynamics of the P wave as presented in the preceding
sections pives prounds for supgesting that the disruption of the relation
between Am and Ay in the priven case could be related to the influence of
inhomopeneity o the mantle of the earth. In particular, data on the struc-
- Lural analysis of mapnitude deviations and their relation to the distance
between selsmice stations (sce Fig. 50a) or to the distance between regions
of seismic sources (see Fig., 50b) do not contradict the suggestion that the
upper mantle bencath the European part of the nation, while it does not
ditfer in density from the mantle in other regions that have a similar
retional peavily field, does differ in conditions of seismic wave transmission.
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For n more detnlled study of Lhe pelntion between selsmic flelds and other
peophystenl rields, un examinnbion wut made of data obtained in a number of
repttons of Soviet Middle Asla nnd Knzakhstan, These reglons on the one hand
hauve been well studied by geophysicnl methods, and on the other hand, fairly
varied geoloplcal=geophyslenl conditicns nre observed in these reglons:
Lthickness of the earth's erust, selumlc wave veloeities, elose proximity of
high=telaomicity und wselomle urens, 14 1n in thewe regions that we have the
denvest network of seismic stantions, which has provided fairly reliable
regults. For the reglons of Soviet Middle Asia and Kazakhstan that are
bounded on the north by the h7-th parallel, on the west by the 62-d meridian,
and on the south nnd east by the national border, we had data on gravitational
unomalles in the Fay reduction nveraged over a grid of 10' x15'., Such detall
corresponds to a geophysieal map seale of 1:2500000, fThese data were con-
verted to maps of isostatic anomalies of the force of gravity Agjgest 6nd
their gradients grad dgygq,y

We had the material of WO selsmic stations to correlate magnitude deviations
with the parameters of pgeophysical fields within the limits of the investi-
pated territory,

Comparison of the magnitude corrections with gravitational and magnetic
anomulics requires colution of Lhe problem of choosing the size of the area
for which the average characteristics of the fields are taken since this size
is related to the scale of the investigated inhomogeneities and the interval
of depths on which they are situated. Since we did not know of any a priori
concepts of the nature of the relation between 4m and the geophysical
parameters of the medium, we considered "point" values of the fields
Misost(1), grad Agigost(1) and AT,(1) corresponding to the averages for a
small vicinity of the seismic station -- 10 x 10 km, and also Agjgogt(3),

grad Ati o5t (3), ATg(3), ATz(8) that correspond to areas of averaging of
30 x 30 and 80 x 80 km.

The unsmoothed value of the anomalies feels the influence of all anomalous
masses (gravitational or magnetic), while the smoothed values are free of the
influence of anomalous masses situated in the upper part of the earth's

crust and having small predominant dimensions. Averaging with respect to an
area of 30 x 30 km corresponds to scaling of an anomalous field into the upper
half-spnce to a height of 10 km with an appreciable reduction in the contri-
bution of anomalies with linear size not exceeding 10 km.

The mytni tude of Lhe pgradient of the anomaly in the force of gravity
grad Arrj 00, 15 an indlcation of the dynamic state of the earth's crust;
hiph values correspond Lo repions that participate in active tectonic
movements and mny be charncterized by anomalous elastic and absorptive
properties,

o comparce Lhe magnitude correction Am with the investigated characteristiecs
of the pravitational field, the correlation graphs shown in Fig. 71 and 72

were plotted. Datua corresponding to seismic stations of the North Tyan'-Shan',
Centrul Tyan'-Ghan', Garm and Pamir--Afgan groups are shown by different signs.
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The given relations for Am and Ag are characterized by a nearly total lack of
system in the location of points. A lack of any relations is observed both
in the overall position of all points and in the position of points for
different groups of stations.

The absence of a system that is observed in the position of individual points
shows up as well in the relative location of the differentiated groups. At
the same time, the average magnitude corrections with respect to the groups
of stations correlate well with the averaged isostatic anomalies.

3. Investigation of the relation between magnetic and magnitude anomalies

Magnetic field anomalies AT, characterize the overall inhomogeneity of mag-
netization of the rocks of the consolidated layer of the earth's crust and
sedimentary deposits. Corresponding to the anomalies are surface outcroppings
of magmatic rocks, zones of tectonic fractures, and differences in the petro-
graphic composition of rocks. The enumerated characteristies, which are
reflected in the anomalies of the magnetic field, are also closely related

to the seismic parameters of the medium. Therefore we can expect that the
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structure of magnetic anomalies will contaln certain information on the
posaible pecullarities of dynamle characteristies of seismic waves, and
specifically on magnitude corrcctions.

To determine the relution between the values of AT, and magnitude corrections
on seismic stutions a map of the anomalous magnetic field of the USSR in ATq
lvolines was used In a seale of 1:5 000000 made in 1963, To characterize

the local structure of ATy the aren within a radius of 50 km around the
selnmle statlon was examined. 'Wo quantitative parameters were studied as
well ns one qualitutive purameter. The flrst quantitative parameter was the
average value of the AT, field within a 50 km neighborhood of the station, and
the second was variation of the anomaly AT, within the same region, 1. e,
the difference between the maximum and minimum values., The qualitative
parameter was the characteristic dimension of the local anomaly. The follow~
ing three gradations of dimensions were set: large anomalies -- more than
100 km ncross; medium anomalies -- from 25 to 100 km; small anomalies -~

less than 2% ki,

The data of 59 seismic stations were used. The results of comparison of the
correction Am with unomalies ATy and 8AT; are shown in Fig. 73. 'The position
of' the points shows that the values of Am are practically independent of AT,
and §ATg. This negative has at any rate the practical value that it shows
the existing relationship between the nature of the wave field and the
structure of the medium: the average characteristics of the structure of the
medium weakly influence the dynamics of waves. This result is particularly
interesting in connection with the fact that the magnitude corrections
correlate well with Just the average values of the anomalous gravitational
field in the isostatic reduction.

ATy, ny
EY/ 2x1
42
' 1, Fig. 73. Relation between the magnitude
J correction Am and magnetic field anomaly:
¢ a--anomalies ATg; b--variations 64T,
. a ;; a M3=milliocersteds

e
e i.{ 4 i
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A comparison of the values of Am for stations loeated in regions that are
characterized by large, medium and small dimensions of maghetic anomalies
shows that for reglons of "large" anomalies the average value of Am is:

+0.06 1 0.05; for "medium" anomalies: =0.01 10,055 for "small" anomalies:
~U.11 £0.06. Large-~scale inhomogeneities of the medium and the corresponding
AT, ure related to anomalous magnetic masses located in the lower parts of
the enrth's erust or in the very top of the mantle®. Consequently the homo-
prenelty of the upper mantle and the consolidated crust impede the damping of
selomje waves which shows up in negative magnitude corrections., Let us note
that distribution of the value of Am within the investigated groups is charac-
terized by mean square values of 0.24-0.26, 'Therefore the forecast of mag-
netie field anomalies with respect to the scale of inhomogeneity is uncertain
(more qualitative than quantitative); nevertheless it is useful to account
for this relation for decision making in controversial situations.

For repglons of Soviet Middle Asia and Kazakhstan we had data on magnetic field
anomalies ATy averaged over a grid of 10! x15', 1. e. corresponding to a

seule on geophysical maps of 1:2500000. Just as for the gravitational field,
no relation was observed between the seismic and magnetic field.

An exception is the graph for Am, AT, where a linear relation is observed
for points corresponding to North Tyan'-Shan' stations; the correlation
coefficlent is equal to -0.7. However, this relation is based on the data of
only eight seismic stations, and therefore the confidence interval of the
reduced estimate at the 95% level of significance is from -0.10 to -0.95,
from which it can be assumed that the peculiarity under discussion came up
fortuitously.

One of the reasons for a lack of connection between Am and the investigated
reophysical fields (both gravitational and magnetic) is that in the case of
comparatively short epicentral distances, up to 2000 km, seismic waves go
from the source to the receivers through, the upper mantle. The latter is
characterized by considerable inhomogeneities of the velocities of seismic
waves and absorbing properties, and therefore the observed magnitude correc-
tions reflect the influence of all inhomogeneities that lie on the path of
propapntion of the wave, whereas the geophysical anomalies characterize only
local inhomopeneities close to observation points. The influence of these
inhomogeneitics on the amplitude peculiarities of seismic waves that traverse
the pgreater part of the path in the very inhomogeneous top of the upper
mantle is appreciably weaker than for waves that go through the appreciably
more homogeneous lower mantle. Thus the geological--geophysical character-
istics of the medium permit a more certain prediction of the effect of an
anomalous change in the amplitudes of seismic waves only from remote sources
(A ~7,000-10,000 km), i. e. for cases where a considerable part of the path
of propapation falls to the lower mantle.

*¥At Lemperntures in excess of 700°C rocks are completely nonmagnetic.
Anomalies of the magnetic field can be related only to the topmost layer
of 40 km.
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Chapter 2. Investigation of the Relation Between Amplitude Anomalies and
Geologticul Conditions

1. Influence that general features of geological structure have on the
level of amplitudes of seismic waves

Geologleal conditions in the vieinity of a station may have an appreciable

} influence on the size of the magnetic correction Am. Apparently it is the
influence of local geolopgicul conditions that is responsible for the fact
that in some cases the Am differ by 0.4-0.5 for stations separated by a few
kilometres.

A whole complex of detailed geological studies in the vicinity of each
station is reéquired to determine the way that the amplitude of a recording of
seigmic signals depends on the peculiarities of geological conditions. It
would be necessary to study the way that the value of Am is influenced by

the thickness and makeup of loose deposits, the ground water level, ani-
sotropy of the physical properties of rocks of the basement and the sedi-
mentary sheath, relief of the basement, the thickness of the earth's crust
and the inclinations of its boundaries, the petrographic composition of the
basement rock, the presence of deep breaks and tectonic fractures, the type
of geological structures that the rocks belong to and so forth.

Let us try to evaluate the influence of the most general geological and
tectonic conditions on the values of Am. Most stations were located in
territories where fairly ancient crystalline rocks (Paleozoic or older)

crop out on the surface. Such are the stations located on the south of

the Buropean part, within the borders of Kazakhstan, in the Urals, in
Trans-Baykal, on the Kola Peninsula and in the vicinity of Noril'sk. It
should be noted that ull these stations are characterized by values of Am
from -0.1 to -0.6, i. e. they are quite favorable for registration of seismic
signals. An exception is observed in all the stations on the south of the
European part, where the values of Am are about +0.20.

A second group of stations is situated within the limits of ancient platforms
with a thick cover of sedimentary rocks. Such are the stations in the
vicinity of Moscow, Kirov, Riga, on the south of the Ukraine, in the
vicinity of Mirnyy and Yakutsk. The values of the magnitude corrections

on these stations vary over a wide range, and in some instances there are
sharp differences between stations located only a few kilometres apart.

In this connection it is quite difficult to extrapolate the values of Am

to other territories.

Let us distinpuish the stations that fall within the limits of so-called
"teetonic activation." These are stations that are situated in Tyan'-Shan',
Altny, Kuzbass, the Western and Fastern Sayans, and in Pribaykal'ye. The
values of Am here have a range from -0.40 to +0.30. An increase is observed
in the villucs of Am in the easterly direction. The region of tectonic
activation is charncterized by a differentiated relief, alternation of
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surfaee ovuteroppingi o' rocks of the rfolded foundation nnd sedimentary bavins.
No vyutematice peculinrities could be found Ln the relation between the
vialues of Am and peologicnl conditions in the vieinity of the stations,

Finally, a number of stations are situsted within the limits or on the
boundary of the wone of the Meso-Cenozolc peosynclinal region. Sueh are the
statlons in the Carpathians und Trans-Carpathia, in Prans-Caucasia. South
Turkmenla, on Chukotka, within the limits of the Tadzhik Depression and on
the lamirs. These stublons also differ strongly in values of Am. For
instance in the Caucasus, in Turkmenia and on Chukotka the values of Am

are negutive, while in the Tadzhik Depression and the Pamirs they have
positive values,

Thus the general features of geological structure in the vieinity of a
station do not determine the particulars of the nature of registration of
selomic signals in explicit form, Apparently to determine the influence of
veolopical conditions we need to do incomparably more thorough, detailed and
comprehensive research on the peology and geophysies of the station locality.

2. I[nfluence that breaks have on the parameters of seismic waves

More obvious was the influence of breaks on the shape and amplitude level of
seismie signals recorded on stations situated in direct proximity to these
breaks. For seismic waves the fault zone may be a shield on the one hand
that reflects part of the wave energy, and on the other hand may be an
inhomogeneity with anomalously high absorbing properties.

As cxperimental material, we used recordings of 40 remote earthquakes from
three epicentral zones: Aleutian, Japanese and Indonesian. The recording
vas done by standard seismic channels of the SK-3M seismic receiver. Signal
amplitudes were measured from recordings of the vertical component.

The amplitude of the maximum phase was selected as the parameter character-
izing the dynamics of the longitudinal wave of & remote earthquake. This
choice is dictated by the fact that the maximum phase of the P wave corre-
sponds fairly well to the maximum of the spectrum of oscillations and is

the most stable in comparison with other phases of the given wave group when
the frequency response of the recording channel is used (Antonova et al.,
19085 Puschenik, 1970).

Three mujor factors influence the amplitudes of remote earthquakes: con-
ditions ut the focus (energy, depth, directionality of radiation, ete.),
the elastie purumeters of the medium through which the waves pass, and the
reolopical-peophysical environment close to the recording station.

Consideration of the influences of the first two factors on the amplitude of
the neismic sipgnal was token care of by calibrating the recordings of closely
spuced stations with respeet to a single station taken as the reference; the

ratio ug =A1/A5t is caleulated, where Ay is the amplitude on the i-th station,
and A,y is the amplitude on the reference station.
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Fig. Th. Recordinge of remote earthquakes on seismic stations of the Oarm ,
group: l--Aleutians, 21.11.1968, tq =19"08™; 2--Japan, 01.V.1968, tq =08h43m,
3--Indonesia, 23.11.1968, ty=16h14m; cm=station number

Taken as the reference was station 1 (see Iy, 76) which is located in
relatively quiet geological conditions and is fairly remote from tectonic
fractures. Besides, on this station one observes a comparatively stable
slmple pulse shape of the first wave group for the given recordings of
Jopanese, Aleutian and Indonesian earthquakes (Fig. T4).

The nature of the influence of fault zones on the amplitude of a registered
remote earthquake signal was studied from pairs of earthquakes; Aleutian
earthquakes were taken as the reference. This is explained by the fact that
in comparison with Japanese and Indonesian zones, the Aleutian zone has
higher seismicity, 1. e. practically every month there is a tremor there that
is clearly recorded on the Garm station group. In the second place, this
zone ig very stuble with respect to the amplitude parameter aj.

The stability of the parameter aj was studied as follows. Spatial constancy
of the quantities aj was verified. To do this, pairs of earthquakes were
sclected with close apparent periods of the recording of oscillations, and
the ralio of amplitudes of like phases af =u{/u§ was examined. The paired
carthquakes were selected within the limits of a strictly bounded time
tepgment not exceediny three days. This limitation is explained first of all
by possible equipment ingtability in time, which had to be execluded as much
as pousible. :

At o resull of an examination of about fifty independent earthquakes it is
apparent that the value of a} for every i-th station is fairly stable, and
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In fact the uverape value &{ for euch station is close to unity, while the
average veatter of' Individual values does not exceed 15%.

Change in Pulve Shape of a Remote Earthquake as a Function of the Azimuth to
the Epleenter. Preliminary visunl annlysis of recordings of remote earth-
quakes allows us to draw the qualitative conclusion that for some stations
the pulge shape of a longitudinal wave s distorted with a change in the
azimuth to the epleenter. Fig. 7h shows an example of a recording of three
carthquakes from different epleentral zones., It is apparent that the shape
of' the recording of the Aleutian earthquake has the same clear pulse form
on nll statlons, and differs only in maximum amplitudes. For the Japanese
carthquuke this clarity of the first wave group is disrupted on stations

h and 5, For the Aleutian earthquake, the ratios of amplitudes of subsequent
oscillations to the maximum nmplitudes Appy were less than unity; for the
dnpanese earthquake these ratlos became preater than unity.

With respect to the recordings of the Indonesian earthquake the clarity of
Lhe flrst wave train is disrupted on stations 6 and 13. For the Aleutian
carthquake on these stations the measure of distinctness of the pulse A/Amax
was less than 1.0, being in a range of 0.35-0.80; for the Indonesian earth-
quuke the value of A/Ay,, is in a range of 0.60-1.60,

The pulse shape on station 1 does not undergo any appreciable changes.
The value of A/Apyy here for all earthquakes is less than 1.0, and is in a
range of 0,30-0 .20 .

In the Investigated time period (February -May, 1968) the frequency responses
on the stations were rigidly standardized. This enabled comparison of the
recordings shown in Fig. T4 not only with respect to shape, but also with
respect to amplitudes for the three azimuths (Fig. 75). As we can see,

the different azimuths are characterized by different values of the reference
recordings normalized with respect to amplitudes.

& Fig. 75. Graphs of the dependence of rela-
10 : . tive amplitude a} on the azimuth to the
epicentral zone. The shading indicates

7 azimuth intervals of about 40° (Aleutians),
4’&¢_Tug::,_3L 70° (Japan) and 120° (Indonesia).
em =station number '

2
4 Yo 60 80 0 120 V0 K0 W lql o
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Me. 76, Tectonie dingram of the Oarm
repion,  Zonea of bresks: a--Karakul':
O==lotrovuky d==urkhoboky g-«frapments
of' Quaternary breaks; d--seismle stations
with values of azimuthal sensitivity

Quantitative Evaluation of Change in the Amplitude Parameter as a Bunction
of Azimuth. Graphs were plotted for each station for the average G] as a
funetion of the average azimuth 3° to the epleentral zone. These relations
ure shown in Fig. 75. Oiven for each average value of a{ on the graph is
the scatter of the individuanl values of the data in the form of "whiskers,"
and the number of pairs of earthquakes from which the relative amplitudes
u{ were determined.

The value of &]($) is a measure of the azimuthal amplitude sensitivity of
the i-th station with respect to the direction of the average azimuth ¢°,
At selsmic stations 3, I and 13 this parameter varies in the following way:
it decreases by a factor of 1.7-2.4 for earthquakes of Japan, and by a
fnctor of' 1.7-3.0 for the enrthquakes from Indonesia.

Gtutlons 2, 5 and 6 "feel" the Japanese earthquakes about the same as the
Aleutiun ones; their sensitivity in the Indonesian direction is 1.7 times
less. Stations 11 and 12 show exceptionally high sensitivity to Japanese
earthquakes, exceeding their sensitivity to Aleutian earthquakes by a factor
of 2.1 and 1.b. The sensitivity of the 11-th station to Indonesia is the
same as for the Aleutians, while for the 12-th station it is less by a
factor of 1.8.

Influence of Breaks on the Amplitude Level of Signals. Before examining the
relation between the position of breaks relative to the station and the direc-
tion of arrival of waves with the amplitude sensitivity of each station,

let us turn to the tectonic scheme of the Garm region.

Fuirly complete data on the peological structure and tectonics of the region
are to be had in the work of M., V, Gzovskiy et al. (1960). We have taken

as our basis the tectonic diagram presented in this work (Fig. 76).

‘The Garm region is an ulpine structure comprised of two structural stages

und broken up into individual blocks (structural steps) by deep tectonic
breaks thal intersect Lhe earth's crust.
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Three steeply talling zones of deep=level breaks are distinguished: Karakul!,
Potrovik nnd Surkhobuk, '

ln addition to the deep-level breuks, faults of the Quaternary Era are
dintinpuished that are shown in fragments on the diagram according to data
tuken from the map of' recent movements of the earth's crust in the Garm
replon complled by V. K. Kuchay.

M. 76 shows only those faults that are situated no more than 5 km from the
selomle stations.

On the tectonic diagram the magnitudes of azimuthal sensitivity &{(¢) for
each station are shown by vectors. It can be seen from the size of the
vectors that the earthquakes with rays crossing nearby fault zones are

"relt" more poorly by the stations. An exception is station 3 for which

the directional sensitivity was lower than expected. This can be explained
by the faet that the Surkhobsk fault zone in the vieinity of station 3 is
much wider than shown on the tectonic diagram (see Fig. 76), and the boundary
of' the zone pasnes to the south of the station.

Tis hypothesis is confirmed by data on recent movements of the earth's
crust from the results of geodetic observations to the south of station 3 .
that show vertical displacements of the earth's crust, although such dis-
placements have not been observed to the north (Enman, Sambireva, 1971).

The influence of Quaternary breaks is also felt by stations 12 (Petrovsk
zone), and 2 (Karokul' zone): the amplitudes of Indonesian earthquakes
at the given stations are 1.8 times lower.

The way that the reduction in amplitude of the recordings of remote earth-
quakes is related to the position of the station relative to tectonic breaks
can be explained in the following way. The boundaries of the fault zones
are formed by surface breaks; therefore within the limits of the zone itself
that is filled with crushed rocks the amplitude of the signal must decrease,
and reflections from the surfaces of faults may increase the amplitude,
focusing it in the recording area. The ratio of these opposed effects is
ansocinted with the seismic wavelength and its path within the limits of the
faull, zone (width of the zone).

An unstable value of amplitudes is also noted on stations situated directly
on Quaternary breaks. For instance on station 13 the signal of Aleutian
carthquakes 15 1.5-2.5 times as strong as at the other stations. Japanese
carthquakes give recordings here that are 1.5-2.0 times weaker than Aleutian
cnrthquakes. The same instability of behavior is noted at station 12
situated on n Quaternary fault.

An analysis of the amplitudes of P waves on stations of the Garm group
showed that the fault zones have a considerable effect on the spatial
structure of the wave field. This influence can be seen in distortion of
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Lhe pulse shupe and in the considerable fluctuations of the amplitudes of
selamie waves. 'The latter may have two possible causes. The first is the
reflection of seismic waves from the boundaries of fault zones and the
ubsorption of their energy due to propagation through the fault zones.

As a result of the action of these factors the amplitudes of the first
phases of the I wave are reduced, while those cf the subsequent phases are
distorted by interference. 'The second possible cause is the waveguide
properties of the fault zones. 'These zones are comparatively thin steeply
fulling layers with reduced velocity. The difference of velocity from the
values typical of the surrounding medium decreases with depth, and at depths
of 10-12 km disappears completely, the fault is "healed." fThe amplitudes of
seismic waves incident on this waveguide increase as the surface is
approached us a consequence of a gradual reduction in elastic moduli.

In cases where the seismic rays are parallel to the fault plane, favorable
conditions arise for propagation of waves in the waveguide fault zone, and
one notes an increase in amplitude level on the surface as compared with
closely spaced stations. This mechanism is well explained by the increase
in smplitudes of Japanese earthquakes on the 1l-th station.

Thus the given analysis shows that in selecting the points of location of
sensitive stations in regions with complicated tectonic conditions it is
necessary to do detailed research that will establish the spatial block
structure of the amplitudes of seismic waves. In doing this it should be
taken into consideration that the strongest deviations from average values
are observed close to fault zones.

The formation of the seismic wave field is determined mainly by the elastic
and dissipative properties of the earth's interior. At present these
properties huve been inadequately studied, and therefore it is difficult

to carry out a detailed calculation of the kinematic and dynamic character-
istics of the wave field. At the same time, a practically important problem
-- localization of the horizontal inhomogeneity of acoustic properties in
the depths of the earth -- is completely solvable by using supplemental
geophysical. information.

As has been shown, there are certain correlations between the physical
parameters of matter in the depths of the earth; therefore, the magnetic
and gravitational fields for instance may be used to get information on the
elastic properties of the medium, and consequently to predict the dynamic
peculiarities of seismic waves.

The most characteristic peculiarities of seismic waves, that are associated
with inhomogeneities of the structure of the lower part of the crust and the
upper mantle, show up with fairly good contrast in isostatic anomalies of
the gravitational field and in the nature of the block structure of the
anomalous magnetic field. At the same time, small-scale changes in the
dynamic characteristics of the seismic waves are intimately related to the
inhomogeneity of the very top part of the cross section, which is expressed
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i chagree i Lhiekness ol sedimenbory deposits, zones of Leetonle brenks
nnd othep peceulineition of the peoloplenl stracture,

Cone lusion

Ten yenrs have pussed since publlenation of the Compreliensive Selsmological
Expedition's monopraph "Fundumentul Experimental Patterns of the Dynamics

of Seismle Waves" (Antonova et al., 1968), During this time the expedition
bt obbalned new extenslve experimental materinl on which the present
monopgraph s based, A comparivon of two periods sepurated by u decade gives
an bdea ol the direetion of development of experimentnl selsmological research
from nnnlysis of general (average) patterns of seismle wuves to the study

oft compnratlvely flne detnlls of Kinematic and dynamic characteristics and
cvitluatlon of Inhomopenettics of the carth's ntructure.

The main purpose of this work has been the investigation of the mutual
retation between inhomogencities of the earth's structure and fluctuations
ol the wave field. 'The solution of this problem has been made possible by
the development of dense systems of seismic observations.

The stady of the complicated space-time structure of the wave field hus
required strony schematization: o rough hierarchy of spatial scales has
been introduced, the field ltself has been represented as the sum of com-

ponents of different scales in a background-fluctuation relation with each
other,

The components of the field are separated by geological criteria and methods
ot space=trequency filtration,

The morphology of the fluctuations is constructed on the basis of the
characteristies of o random field. Despite the fact that such an approach
bad been sugpgested Pairly long gro, there has been no unified system of
quantitalive deseription of the seismic wave field up until now. The system
deseribed here is formulated on the bazis of the traditions of research of
former yenrs (Antonova et al., 1968; Nersesov, Rautian, 196lL; Nersesov et al.,
19724 Nikolnyev, 1972); it is fairly complete and universal: any detail of
the wave jeld is subject to schematization and division into parts, each
prart makes tbo own contribution to the quantitative description of the
correaponding, spatinl seale. This technique is applicable both to analysis
ol the simple characleristics of seismic waves -- amplitudes, travel times,
and Lo analysis of fairly complicated parameters such as those of polari-
znlion, cnerpies in certain frequency bands and so forth.

The resulbs are in omany instances the first of their kind. From our stand-
point the main signiticance of these results is that they provided new geo-
lopgienl and geophysical information on the medium and in this way proved the
competence of the research technique used. This gives us the impetus for
recommending that seismologists use our method extensively under conditions
oft Lhe Wwidest scales and systems of observations.
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Naturally In the course of rescarch the method will undergo certain changes;
nevertheless the results found in vurious regions of the globe can be com-
pared, unified and perfected,

This work has established the fundamental rough spatinl characteristics of
the structure of the peismic wave fleld and horizontal inhomogeneities: the
flrot, as yet approximate, features of distribution of horizontal inhomo-
genelties of varlous scales in the earth have been established, fThe re-
finement of these features, the Investigation of unstudied regions of the
earth, lmprovement of the reliability and detail of information -- all this

is o matter for the future. 'he authors hope that future experimental

seismle studies of the interior of the earth will take the path of development
of the methods presented In this book. ’
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